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TURNING WITH SHALLOW CUTS AT HIGH SPEEDS 
By H. J. French and T. G. Digges 


ABSTRACT 


A method is described for testing lathe tools under shallow cuts and fine feeds. 
| The relations were determined between the cutting speed, feed, depth of cut, and 
tool life for carbon and high-speed tool steels. Comparisons were made of tools 
of different forms and of tool life when cutting dry and with water or lard oil. 
> Heat treatment and chemical composition of the tools were also studied, including, 
in the case of high-speed tool steels, the effects of cobalt, nickel, molybdenum, 
F arsenic, antimony, phosphorus, sulphur, copper, tin, aluminum, titanium, and 
Fiantalum. ‘The results obtained under shallow cuts and fine feeds with these 
S steels are compared with those obtained under heavy duty. 
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I. INTRODUCTION 


Most studies of turning have been made with relatively coary 
feeds and deep cuts, and it is now possible to predict, with an accuracy 
sufficient for many practical purposes, the cutting speeds which cay 
be used economically in the rough turning of metals. Comparab), 
information is not yet available for the shallow cuts used in finis) 
turning. 

The experiments described in this report relate primarily to a ney 
method of test for lathe tools taking shallow cuts, and it was fir 
used in a study of the effects of feed, depth, cutting liquids, and too 
form upon the cutting speed to give a broad background for usefi| 
interpretation of results. ‘The new test was then used in astudy of th: 
effect of composition and heat treatment upon the performance of 
carbon and high-speed steel tools and results compared with thoy 
obtained in the customary rough turning tests. 

While there has recently been a tendency in machine-shop practic: 
to replace finish turning by grinding, the discussion of a recent paper 
relating to the rough turning of alloy steels * indicated active indus 
trial interest in test methods applicable to turning tools working ai 
high speeds with shallow cuts and fine feeds. This is, perhaps 
natural since the bulk of industrial machining does not involve cit- 
ting conditions as severe as those obtaining in the usual rough turning 
tests of high-speed tool steels. 


Il. PREVIOUS INVESTIGATIONS 


It is generally believed that the methods of test developed fo 
heavy cuts with high-speed tool steels can not be applied successfully 
to the shallow cuts used in finish turning. For example, Taylor’ 
cautioned investigators against using ‘‘cuts lighter than %¢ inch depth 
by 6 inch feed,” and stated further that “as a result of our expe 
rience we should consider practically worthless for determining law 
(of cutting) all cuts that are as shallow as \¢ inch, and we should much 
prefer a %.-inch depth to a %-inch depth.” 

Among the reasons for these recommendations were the difficulty 
of maintaining constant cutting conditions with shallow cuts, and thi 
fact that when high frictional temperatures played only a mino! 
part in the wear of the tools, as with shallow cuts, failure was no 
abrupt and complete, but, instead, the tools showed a gradual wes! 
ing away of the nose. This, of course, was reflected in a gradually 
changing depth of cut and raised the question of what should be 
considered as tool failure. Wear of the tool nose, which reduces the 
depth of cut by 0.001 inch, is a relatively small part of the total dept! 
usually encountered in rough turning and is of secondary importance, 


- —— 





1H.J. French and T.G. Digges, Rough Turning With Particular Reference to the Steel Cut, Trans. A@ 
Soc. Mech. Engrs., 48, p. 533. 
4F. W. Taylor, On the Art of Cutting Metals, Trans. Am. Soc. Mech. Engrs., 28, par. 252, p. 66; 1M. 
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since close adherence to dimensions is not ordinarily required. Such 
a change is of much greater importance in finish turning where the 
cuts are shallow, of the order of 0.005 to 0.010 inch or less, and where 
close adherence to dimensions is usually required. 

The methods of test used by previous investigators for studying 
the gradual wear of lathe tools taking shallow cuts may be grouped 
under two headings: (1) Direct measurements of tool wear and (2) 
indirect methods of measurement. 

Direct measurements of wear have been reported by Ripper and 
Burley *? and Herbert.* In the experiments of Ripper and Burley 
the wear was determined by a microscope with vernier attachment. 
The tests, which were made in a lathe, were interrupted repeatedly 
to remove the tool from the holder and measure the wear. 

Herbert’s tests were made with a special tool-steel testing machine 
in which a tool was applied at the bottom end of a rotating tube 
placed in a vertical position. A heavy weight pressed the tube 
against a dead stop and regulated the amount of the cut. The vise 
in which the tool was held was mounted on knife-edges and tilted 
as the tool wore. The tilting angle of the vise was proportional to 
the wear of the tool and was measured by a micrometer. 

Indirect methods of measuring the wear of lathe tools have been 
described by Poliakoff,® Smith and Hey,°® and Smith and Leigh.’ 

In the method used by Poliakoff, and also by Smith and Jinoya,$ 
the wear of the tools was determined from the corresponding increase 
in the diameter of the work (the bar being cut). An indicator was 
mounted on the tool rest immediately behind the tool and kept in 
continuous contact with the work. The tests were. continued until 
the wear was greater than that selected to represent failure of the tool 
and the carriage moved back by hand, after stopping the test, to per- 
mit checking the changes in the depth of cut. 

Smith and Hey and Smith and Leigh made use of a dynamometer 
for measuring the vertical forces on the tool when cutting. Tool 
comparisons were based on the time required for the vertical force 
to increase 10 per cent above its initial value. This increase was 
found to correspond approximately to a tool wear of 0.0015 inch and 
was stated to bear a distinct relation to the breakdown of the tool. 
In selecting the pressure on the tool as a measure of tool life these 
investigators disregarded the recommendations of Taylor and his 
associates who specifically stated that “‘no law can be established or 





'W. Ripper and G. W. Burley, Cutting Power of Lathe Turning Tools, Proc. Inst. Mech. Eng., pts. 3 
and 4, p. 1067; 1913. 

‘E.G, Herbert, The Cutting Properties of Tool Steel, J. Iron and Steel Inst., 81, p. 206; 1910. 

' F. Poliakoff, Cutting Tools, The Engineer, 119, p. 275; 1915. 

°D, Smith and I. Hey; Report of the Lathe Tools Research Committee, Department of Scientific and 
Industrial Research, published by His Majesty’s Stationery Office; 1922; also, The Engr., 137, p. 366; 1924. 

’D. Smith and A. Leigh, Lathe.Tool Experiments with Fine Cuts, Proc. Inst. Mech. Eng., pt. 1, p. 383; 
1925, also, The Engineer, 139, p. 318; 1925. 

* See footnote 5, 
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formulated for cutting steel which expresses the relation betwee, 
cutting speed and the pressure on the tool.” 

Some of the conclusions drawn from tests made by these differen; 
methods are compared in Table 1, which also gives a general idea of 
the conditions under which the tests were made. The investigators 
have taken different criteria for failure of the tools and have obtained 
what, at first glance, seem to be contradictory results. For example, 
Ripper and Burley found that the life of both carbon and high-speed 
steel tools, when represented by wear of 0.005 inch, increased as the 
cutting speed decreased. Most of the other investigators referred 
to in Table 1 found “‘peaks” in the cutting speed-“‘ tool life”? curves 
which showed that under some conditions increase in cutting speed 
resulted in an increase in the “‘tool life.” Apparently, however, such 
critical speeds were found only when the working portions of the tools 
were kept at low temperatures by means of very shallow cuts and fine 
feeds, the use of cutting liquids, or both. 


TABLE 1.—Summary of some of the results obtained by different methods of test for 
lathe tools taking fine cuts 





| | Approximate range 
F oie an : | of— 
Investigator | Criterion of tool failure | Tool steel Metal cut 


Feeds Depths 





| In./rev, Inch 

Poliakoff_.-..| 0.0015 inch wear (test | C and high-speed. 0.014 0. 0056 

continued to 00 

inch). 

Smith and | 0.001 inch wear Medium C steel_.____- . 05 
Jinoya. | | 

Ripper and | 0.005 inch wear Mild to very hard C . 0275 
Burley. Steels, 

Herbert. --.--| 0.001 inch wear__......../___-- ? 2.0012 

Smith and | 10 per cent increase in . 0013/ 
Leigh. vertical force. | . 0372 





Smith and DRiicisickesemncseens High-speed es | .0013 
Hey. | 














on | Carbon ». high-speed | Round-nose ». broad- 
tool performance nose tools 


oreo ’ Effect of cutting speed 
Investigator Coolant tool life 1 





Poliakoff_...| Soap and water..| Life irregular with respect | C steel more durable | Broad-nose best for 
to cutting speed. than high-speed. | C tool steel; re 
versed for high- 
speed tool steel. 





Smith and | Soda and water_-_| Life increases with speed_.| High-speed best 
Jinoya. 
Ripper and | Tested dry For C tool steel High-speed was | Tools with long cut 
Burley. a about tentimesas | ting edges have 
deer | good as the C steel. | longer life than 
For high-speed steel: those with short. 
,_ Ki 
f*3—(Ky— K3f)d 
Herbert Water in tube__..| Life irregular with respect | At low speeds C 
to cutting speed. steel more durable 
than high-speed 
steel; at high 
speeds this is re- 
versed. 
Smith and | Dry except in| Life irregular with light | At low speeds C 
Leigh. special experi- cuts; decreases continu- steel as good as 
ments. ously with speed in- high-speed. 
crease for heavy cuts 
(0.037 feed). 
Smith and | Tested dry Life irregular with respect 
Hey. to cutting speed. 

















1V=cutting speed, f=feed, d=depth of cut, A=area of cut, and c, Ki, K2, and K3 are constants. 
? Maximum obtainable. 
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Il]. PRELIMINARY TESTS WITH A DYNAMOMETER 


Tests were first made with a dynamometer with the view of corre- 
lating the changes in pressure on the tools with tool wear. The 
dvnamometer used was similar in design and construction to that 
employed by Stanton and Hyde ® and is shown in Figure 1. 

One of the disadvantages of such equipment, which was noted by 

arlier investigators, was the lack of rigidity of the test tools. Meas- 

urements of the diameter of the test forgings, subsequent to the tool 
tests, showed variable depths of cut from start to finish in nearly 
all tests. The variations were not progressive changes in one direc- 
tion but appeared at irregular intervals and could be detected readily 
from the changes in the appearance of the cut surfaces. ‘Stepped 
cuts” were obtained in nearly all cases. 

It is probable that such effects could have been minimized by 
refinements in the construction of the dynamometer, but since there 
did not seem to be any consistent relation in the preliminary tests 
between the vertical or horizontal forces on the tools and the tool 
wear the use of the dynamometer was discontinued. 


IV. THE METHOD OF TEST USED UNDER SHALLOW CUTS 
1. EQUIPMENT 


The method of test adopted is illustrated in Figure 2. It makes 
use of two tools set at equal depths in one tool holder and depends 
upon the fact that the ‘‘trailer” or following tool will not cut so long 
as the “leader” or cutting tool shows no wear. 

A micrometer adjustment is provided in the groove into which the 
trailer tool is placed in the tool holder, as is shown in Figure 3. The 
leader, or test tool, is first clamped securely in the tool holder, which 
is then moved in the direction of the depth of cut until a piece of 
thin (cigarette) paper can just be drawn between the work and the 
nose of the test tool. The micrometer adjustment is then used to 
bring the trailer tool into a similar position, and the trailer is securely 
clamped in the holder by means of the set-screws shown in Figure 3. 
After adjustment to equal depths the desired depth of cut is secured 

by setting the carriage on the lathe in the usual manner. 
| One of the advantages of this method of test is its simplicity, as 
| the only special equipment required is the tool holder. Another 
| advantage is that there is nothing to interfere with the rigidity of 
the test tool. 

One of the disadvantages of the method is shown in Figure 4 and 
relates to a correction which should be applied to the observed duration 
ofcut. If the true length of cut of the test tool L is represented by A 


*T. E, Stanton and J. H, Hyde, Forces Exerted on the Surface of Cutting Tools. Proc. Inst. Mech, 
F Eng., pt. 1, p. 175; 1925, 
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in Figure 4, then B represents the observed length of cut which differs 
from the true value by the amount C, representing approximately the 
distance between the two tools. This distance is small in relation to 
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Figure 4.—Corrections to be applied to the observed lengths of cut in the 
tests made under shallow culs and fine feeds 


See text for discussion. 


the total length of cut only when the cutting conditions permit long 
life. Under such conditions the correction to be applied may be 
neglected, since it will ordinarily be within the limits of reproduc 
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FicgurE 2.—Special tool holder used in the tests under shallow cuts and fine 
feeds 





Pinges | Turning with Shallow Cuts 
bility attained in the experiments, but the reported durations of cut 
have all been corrected and represent A, not B, in Figure 4. The 
necessary corrections of the observed lengths of cut (B, fig. 4) can 
readily be applied, since the rate of advance of the tools is readily 
determined from the speed of rotation of the test forging and the feed, 
both of which are ordinarily recorded in any turning tests. 

Except when otherwise indicated, the test tool used under shallow 
cuts and fine feeds had a broad nose and was of the form and dimen- 
sions shown in Figure 5, B. A round nose tool, of the form and dimen- 
sions used in rough turning (fig. 5 A), was ordinarily used for the 


trailer. 




















Fiaure 5.—Forms and dimensions of the tools used in a majority of the 
tests 


A—Tool for rough turning. B—Tool for shallow cuts and fine feeds. 
2. PROCEDURE 


From three to six tools were tested after each of two grindings for 
each condition investigated, and the tests were all made in sequence. 
For example, in the study of the effect of cutting speed on tool per- 
formance one tool was tested at each of the selected speeds in the 
series, then a second tool was tested at each of the different speeds, 
and this procedure repeated until the desired number of tools had been 
tested for each condition. Only average values are used in the com- 
parisons made throughout this report. 

Testing tools in sequence has long been practiced and tends to 
minimize variations in results arising from inhomogeneities in the 
metal being cut which is seldom entirely uniform with respect to its 
machining properties. While this is important in rough turning, it 
appears to be of even greater importance with shallow cuts. Some 
very large differences were encountered in the tool performance at 
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different parts of steel forgings which showed very uniform tensile 
properties at different depths and from end to end. 

The chemical compositions and the heat treatments of the tools used 
in all of the experiments except those in which a study was mads of 
the effects of different hardening and tempering temperatures are 
summarized in Table 2. The compositions, treatments, and proper. 
ties of the test forgings are given in Table 3. 





‘OUTeU EpvI} JapuN peseyind ‘uortsodur0o od A,L, » 
“S}[OUl [eJUBTTTIOd x9 O1OM SIO4O [[B ‘SIOINJOVJNUBUT [E0}S-[00} T01J POUTBIGO QIOA ST9OIS OSOUT, ¢ 

‘pe BoIPUT seiNjesed ure} O1]} 4B dOVUINY O1NYe19d U194-q3Tq 

04} Ul seyNUlUI J[sYy-oUo puB oO Ploy Mey} PUB “7 ,009‘T 1B SOINUTUT OZ 10} poyeoyold G10M AOU, ‘“BUI[OO eovuIN] pus “FZ ,O¢9'T OF ,009‘T 9B SINOY Odi} 03 OM OJ ZUIVOY Aq poTveu 
“UB 4SIY G1OM S[OO} [004s powds-YSIY ITV ‘ZZO JO} “A oS19‘T MOI {ZO JO} “YF SLE*T WOT SYZT pu FIO JOJ “A OOS‘ T WO’ ZUI[OO Ie AQ pezt[eULIOU 4SIY 919A STOO} [9093S WOQIVO OY, z 
"410d 01 S14} JO 4X9} OY} Ul POPBOIPUT GSTM1BY4O SSOTUN S[OO} EZR] OY} JO} posN C10M SJUSUI4VOIY sit Peps090. OUT, 1 


n 


| | | | | 
OcF Z| | 4 | : , ST 66% | oI° 920° 800° | 
OOF % ; a 5 F sor 00 'F £t* 610° £10° | 
: i ‘ ie 2 $Z° ‘ SILO | 8400 


oI° 09° 
vr ¢g° 
Ze °0 92 °0 











10'T 
06° 
gg° 
18° 
Zit 
00 % 
66 'T 





66 'T 





















































819938 A-M-HO 
STGULS GXAdSs-HOIH 


8 
= 
1S) 
3 
3 
~ 
w 
s 





““IOBN 3u00 Jed OT 


ing wi 


. 


OS ‘T = ‘ ' | $0° 4 sT0* ¥Z0 ° 6¢° 
JO4BM | OCF ‘T . 7 2. ee : 280 ° 100 | 8&° 
‘do 


Turn 





| oadsse| 
fen | j sued | VO 
-doosoJ}} “| oe +B 
-oeds | | — 
peur | 010 | | | ON 19038 
-wex 9 | 











pelredmey, | ¢ peyouend que0 Jed UT UOTzIsOdur0o ;RoTMIEY 





STHALS AOTIWV MOT GNV NOGUvo 


$}78S9}2 UL pasn $100} fo ZUIULIDILZ QDIY PUD U02}180d UO? 7D27Uu3aY4 O— "SG ATSEV GL 


French 
Digges 





Bureau of Standards Journal of Research 








00s % 
O0€ 


rhe) YImMs 














Or’ 

80° | S2°II 

90° | O¢'IT 

Z0° ara 
0€ ZI 

















0g 
| O& 
saynulyy 


A[eot 
-doosol} 
-oeds 
peur 
“WIXI 


| —104 
| 


pesedurey, 


o6" 
96 “LT 
| 180 | FST 














00+ « | 
LE ‘Ss 
“As 


| | 
| -o0dsse 
—_ wrory| syaeUul 


| 
| 





peypuent 


OW YIIM sjooyg 





Ly | $'T% 
eo 'T | 28°81 











$00 °0 


| 0€0°0 








quedo Jed ul UoT}IsOdul0o [eormeY 


OJ pus oO ITA sleoqg 
penuyupoO—SIAALS CAAAdS-HOIH 


PONUlPAOH—s)899 Ut pasn 8100} fo uawmpDa.} yooy pun Uorpsodiw08s pDIUWAY) 


a1Tdav 7 





ON [0238 


a4 
= 
ie) 
s 
S 
~ 
H 
< 
~ 
‘> 
3 
S 
a 
~ 
= 
= 
S 


‘peqouenb io ‘seynuru ¢ “WT .¢ze’g ‘seynutUr OT “WT 00ST ‘SMOTIO] sB ‘1OINJORJINULUI [904s O44 AQ PoEqPROL], ¢ 











96 “T 
96 ‘T 
96 'T 




















UIA sjeeyg 





ose A } 68°T | 00 ‘ET 
to | Ose ’ ' IST | $6 GI 





| 
£F0* 
610° 
L10° 
Ls0°0 


“S}[9UI [BJUSUITIEdxe OOM S1OT[4O [[B {SIOINJOVJNUBUT [901S-[00} WIOIJ POUTV}GO O1OA\ S[OO}S OSOU,L, ¢ 





6¢° 
6E° 
60 























ITM sp9e1g 





IO | Ose % 








020 * 
020° 
0£0 ° 
0£0 0 











¢9° 


99 0 





RCAC | 





a 
S 
— 
8 
> 
ay 
S 
Re 
> 
~~ 
8 
= 
a 
~ 
=) 
™~ 
3 
S 
sS 
= 
Ss 
DH 
> 
3 
S 
Sy) 
= 
RQ 





*JOMAORNuUeU 04} Aq PejzIOdel BIEP 4S94-OTISTID,], ¢ 
‘Zh PUB ‘TF ‘OF ‘BE *2E “OE “SON SBUIZIOJ JO} pourulsejep jou sem Joddog ¢ 








*Uz0T]} JO OUO A[UO TO BPBUT GJOAA $4801 O[ISUG} PUB [OO}S JO VOT | WO] OPEL OJON SAUISIOJ OY} 10Y}0F0} UGAIZ OI SIOQUINU ZUIZIOJ Z OJON AA + 





“~-pafooo sovusny sInoy OT “A oSLT'T 
“--""pefooo eovuImy simoy OT “A QSTE‘T 
~“pefooo eoeuIny soy OT o00E‘T 
pe[ooo IB sm0y OT “A .0¢9‘T 
““pefooo sowusny smoy OT * o0ST'T| 
" < 28 ‘ .* -< ~-“peloood eoBUINy sIMoY g of LET 
- pejooo ire sinoy 8 “FT .009'T 
“LF 6 ‘ sap Seaeay sears ne s~=ngagrees ‘¢ |" | 680° | 820° —_— 
“pe[ooo sovuiny 
_ 66 ls: "y 6Z‘T 01 1B sINOY ZI “qT .009'T eS | ¥2 620° | 8z0" 
£S 18 EC Sa ; : 3 420° | OPO" 
1c ‘ 001 ( - - oa Z | OVO" | ZE0° | SS 
‘I¢ "96 "ze new : ; 4£0 0) TPO 0) 890 
jUad dag | JUd2 sag g'Ut/"8q} : | 
000° 1 


€20° | 89 


‘ Z£0* | ZE0° | y | Ih PUB OF 














volU SeYyoUl Z quan] ' ' d uW 


jouoy | uruoy = ; jeuoyy | qUOTI}LOI} BROT] = i ewetlet : 1 ON Sursi04 
-onpey | -ezuopq | FSUL PIOLA -lodoig | 


yi3uels quiod 


Jod Ul UOMIsedm09 [woTwIEeY 


(Ajnourpnjrbu0}7 
UaYD} Suaemtoeds 789} a7IsUa]) 8}8a) ayj}D) UL gna Shurbuof fo sarjsadoud PoOLUDYIeW abDdivAaD PED “‘juaiuzDa. yoay ‘uotpsodwod pDOIWEY)J—E WAV J, 





pros 
the 
tool 
mos 
car! 
leac 
J 
top 
wel 
of t 


test 


B. S. Journal of Research, RP120 





cut 
the 
gro 
the 
too 
\ 
the 
chs 

— be; 
L~§] an 


tes 


sata aise 











orl 
FicgurE 6.—New tool and tools which failed in the tests under shallow cuts 
and fine feeds 


E71-8 is a new tool; E47-4 used at 400 ft./min. with 0.010 inch depth and 0.0115 in./rev. feed on 


test forging No. 40; L51 used with 0.005 inch depth and 0.0154 in./rev. feed at 400 {t./min. on 
forging No. 40. 
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3. HOW CARBON AND HIGH-SPEED STEEL TOOLS FAILED 


With the broad-nose tools used in the experiments, the leading edge 
first showed wear and the crumbling or wearing away of the nose then 
progressed from the leading edge to the trailing edge. This shift in 
the working portions of the tool from the leading to trailing edges 
took place slowly and could be followed quite readily in the case of 
most of the high-speed steel tools. It occurred more rapidly in the 
carbon steel tools, which generally were ruined very soon after the 
leading edge showed evidence of crumbling or spalling. 

In the tests with high-speed steel tools a groove was formed on the 
top surface of the tool near the leading edge, and vertical grooves 
were also formed on the face, as is shown in Figure 6. The spacing 
of the grooves on the face corresponded to the feeds employed in the 
tests, and the length of the grooves was dependent upon the depth of 
cut. A depression or groove was also formed on the top surface of 
the carbon steel tools, but there was often no evidence of the feed 
erooves on the face after failure. When visible, the feed grooves in 
the carbon steel tools were not so marked as in the high-speed steel 


tools. 

With the method of test employed, the trailer tool indicated when 
the leader or test tool had worn enough to produce a measurable 
change in the depth of cut. Experience showed that the trailer 


began to cut when the wear of the leader was between about 0.001 
and 0.002 inch, and this was considered as the point of failure of the 
test tools. These values apply to tests in which the two tools are 
originally set at equal depths, but it should be recognized that the 
wear representing failure may be increased by using originally a 
shallower setting for the trailer than for the leader. The test is there- 
fore applicable to a wider range of conditions than those used in the 
experiments. 

When the tools failed in a short time, it was found that wear of 
0.001 or 0.002 inch was concomitant with a complete breakdown of 
the tool comparable to that found with deep cuts in rough turning. 
In other words, the nose was rubbed off to asufficient depth to decrease 
the depth of cut appreciably. (See Tables 4 and 5.) 

This manner of failure was characteristic of both carbon and high- 
speed steel tools but, as already pointed out, this end point was 
reached at. different rates in the two steels. ‘The carbon steel tools 
failed almost immediately after the leading edge of the tools showed 
wear, whereas the high-speed steel tools frequently continued for 
some time thereafter to take a full cut. 

When the tools failed completely by rubbing off of the nose, a glaze 
was produced on the test forging just as in the rough turning tests 
and gave an additional indication of failure. 
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TaBLE 4.—Effect of cutting conditions on the amount of wear of the high-specj 
steel tools at the time at which they were considered to have failed ! 


| | 
Cutti i | Depth of | Number of} A ee 
utting speec . prttal Fe ee len tan} 2 | Number o verage | decrease in 
(ft./min.) , cut Area of cut | Poo! steel? | tools tested} tool life depth ofcy; 
j at failure 
ahs 





In.jrev. | Sq.in. | Minutes 
0.0115 | If 0.000058 |) 25. 0 
. 0132 | . 000066 || 
. 0142 | . 00: - 000071 |} 
. 0154 . 000077 || 
. 0204 - 000102 |) 


0115 . 000115 |) 
. 0132 | . 000132 |} 
. 0142 5 . 000142 |} 
0154 | . 000154 || 
. 0204 |) | . 000204 


0115 | . 000162 
. 0132 | . 000198 
. 0142 R . 000213 
. 0154 . 000231 
. 0204 | . 000306 


. 000230 
- 000162 
- 000115 
- 000058 


. 000408 
- 000306 
. 000204 
. 000102 











0115 . . 000230 E97 


ah * 


1 Tests were made on forging No. 40 (Table 3) with tools of the form and dimension shown in Figure 5, J 
2 Composition and heat treatment given in Table 2. 

















TABLE 5.—lffect of culting conditions on the amount of wear of 1.3 per cent C steel 
tools at the time at which they were considered to have failed } 


. 





Number 


Cutting speed ioe Depth of | ,.,. ‘ a ear pa Average 
(ft./min.) Feed | cut | Area of cut | Tool steel of tools tool life 
| tested 
| 


| 
| 
| 


ev. Inch Minutes 
. 0115 if 0.000115 | 9.4 
. 0142 . 000142 } 10. § 
. 0154 0.010 | . 000154 522 | 7. 
. 0204 | . 000204 } 35. 9 
. 0204 - 000204 55, 


0115 | ° . 000058 122 11. 
0115 P . 000162 r 10. § 
0115 ‘ . 000230 23 10. 
0154 | . 02 . 000308 ob 13. § 
. 0204 ‘ . 000408 23 11.6 
. 0204 | ‘ 000204 2. 88. 2 
- 0204 | . - 000408 523 74. 








37.5 
. 000058 | 122 | 1.9 
-O115 . OOF . 000058 
.0115 | ; . 000058 











0115 | . 005 . 000058 C2 i | 
} 


1 Tests were made on forging No. 41 with tools of the form and dimensions shown in Figure 5, B. 
2 Composition and heat treatment given in Table 2. 
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When the cutting conditions permitted the tools to cut for only a 
» short time, the selected method of test gave an end point which was 
F concomitant with complete failure of the tool, and the trailer tool 
© became unnecessary. Under more nearly practical conditions, when 
© the tools continued to cut for long periods, the wear on the nose of 
0.001 or 0.002 inch was seldom concomitant with complete failure. 
Under such conditions it became impracticable to determine the time 
of failure without an indicator, such as the trailer tool. Tests of very 
short duration, which might be made in the ordinary manner, even 
» with shallow cuts and fine feeds, are of doubtful value unless it is 
a practicable to develop at least approximate relations between such 
' short-time tests and the long-time cutting required in practical serv- 
| ice. Therefore, a study was made of the effects of speed, feed, and 
| depth of cut on the durations of cut. 


V. EFFECT OF CUTTING SPEED ON TOOL LIFE 
1. FOR HIGH-SPEED STEEL TOOLS 







ese cae 






Soh ae 









The results of tests at different cutting speeds with a feed of 0.0115 
inch per revolution and depths of 0.010 or 0.020 inch are summarized 
in Figure 7 and show that there was a continuous increase in the life 
of high-speed steel tools as the cutting speed was decreased. Within 
a life range of from 2 to 125 minutes, the experimental results may 
be represented by the equation 


VT"=c (1) 









in which V is the cutting speed in feet per minute, 7’ the tool life ia 
minutes, and m and ¢ are constants. 

In one of the two sets of tests summarized in Figure 7, the experi- 
mental results were most closely represented by equation (1) when 
nN was Mo, while the best representation in the second set was 


4 








obtained when n was Xp. 
E When taking shallow cuts with high-speed steel tools, Ripper and 
| Burley found that the relation between the cutting speed and tool 
life could be represented by equation (1) with n equal to \». They 
did not report the actual values of tool life, but a study of the points 
plotted in their charts showed that only in some cases were the 
relations between cutting speed and tool life best represented by 
equation (1) with n= 2; in others, as good or better representation 
was obtained with n= Mo. 

The value of the exponent n in equation (1) can not be definitely 
© established at this time. The value \%» was selected for use in this 
investigation since it is closer than 2 to the exponent in a similar 
equation, which Taylor demonstrated was applicable to conditions of 




















” See footnote 3, p. 831. 
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rough turning. However, either of the quoted values should giyg 
results sufficiently accurate for practical purposes except when 
extrapolating to very long-time cutting from tests of relatively short 


duration. 
2. FOR CARBON STEEL TOOLS 


The change from very short life to very long life in carbon tool 
steels was most often produced by decreases of less than 5 feet per 
minute in the cutting speed. In the majority of the cases investi- 
gated if the tools did not fail in less than 5 minutes they continued 
to cut for 90 minutes without sign of failure. 

In general, the tests were stopped after 90 minutes, but in a few 
cases tools which did not fail in this time were allowed to continue to 
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Ficure 7.—Relation between the cutting speed and the tool life wnder 
shallow cuts and fine feeds 
Tests made dry 


cut for another 90 minutes (total time of cutting, 3 hours) without 
indication of failure. This, together with the general character of 
the cutting speed-tool life curves indicated that carbon-steel tools 
which cut for 90 minutes would, in general, cut for much longer 
periods, such as are desired in practice. 

The highest speed at which the tools would cut for 90 minutes 
without failure was considered to represent a “critical cutting speed.” 
It was determined by testing individual tools at successively lower 
cutting speeds, which differed by 2 to 5 feet per minute, until 4 
90-minute cut was obtained without failure. 
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©" The critical cutting speeds discussed in this report are not equal 
| to the speeds permitting exactly 90 minutes’ tool life, but, due to the 
sharp increases in life with decrease in cutting speed, they are so 
© close to the latter that the two may be considered to be the same 
© for practical purposes. 

4 The sharp decrease in life with increase in cutting speed in the 
© case of carbon-steel tools is probably associated with the temperatures 
’ venerated at the working portions of the tools. Increase in cutting 
§ speed means increase in working temperatures, and carbon steels 
' are known to lose hardness more rapidly with temperature rise than 
| high-speed tool steels. The gradual change in tool life in high-speed 
steels is probably associated with a gradual loss in hardness, with rise 
| in temperature resulting from increase in either cutting speed, feed, 
© or depth of cut. 


| VI. EFFECT OF FEED AND DEPTH OF CUT ON CUTTING 
SPEED 


1. FOR HIGH-SPEED STEEL TOOLS 


| Asummary of the experiments with high-speed steel tools cutting 

under different feeds and depths is given in Figure 8. The relations 
between the cutting speed for a given tool life, the feed and depth of 
' cut, may be represented approximately by the equation 


V= K,— K,(DF)= K,-— K,A (2) 


; when V is the cutting speed, D is the depth of cut, F is the feed, A 
' is the area of cut (=DF), and K, and &; are constants. 

With the tools and test forgings used in the experiments, as recorded 
; in Tables 2 and 3, and a selected tool life of 90 minutes, equation (2) 
becomes 


V =370—32 DF*X 10* (3) 


_ For a selected tool life of 20 minutes and otherwise comparable 
' conditions equation (2) becomes 


V =430—38 DF~x 104 (4) 


' In equations (3) and (4), Vis expressed in feet per minute, D in 

| inches and F in inches per revolution. 

Some of the plotted points are at some distance from the lines 

q representing equation (2) in Figure 8, but Table 6 shows that the 
| variations between the plotted points and the values given by equa- 
| tion (2) were within about+6 percent. This is within the limits of 
| teproducibility of the experiments and is as close concordance as 

| may be expected. As already indicated, appreciable variations were 

| encountered in the cutting properties from point to point in the 
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large test forgings. Likewise, only minor variations from the jp. 
tended depths of cut in setting the tools in the lathe represent , 
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Ficure 8.—Effect of feed and depth of cut and the area of cut on 
the cutting speed of high-speed steel tools when taking shallow 
cuts at fine feeds 


" All tests were made dry with tool steel E97 (Table 2) on forging No. 40 (Table 3). 


large percentage variation with the shallow cuts under investigation, 
and, hence, have a relatively marked effect upon the observed too. 
life so that reproduction of results becomes difficult. 
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TasLe 6.—Effect of feed and depth on performance of high-speed iool steel ! 
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Average withi 
+ 6 per cent. 


th steel E97 on test forging No. 40. Composition and treatm ent of the tools given ir 
| form shown in Figure 5, B; composition and properties of test forging given in Table 3 


quation (2) indicates that the cutting speed is a function of the 

‘cut and affected equally by changes in the depth and feed. 

sis at variance with the results of Ripper and Burley ™ for shallow 

cuts and those of Taylor and his associates * for rough turning. 

Ri A r and Burley found that “if the area of cut is kept constant a 

er associated '° cutting speed is obtainable when the cut is deep 

ind the feed fine than when the cut is shallow and the feed coarse. 

They expressed the relations between cutting speed, feed, and depth 
of cut by the following equation 


P 


V= wa- (Ka K.F)D (5) 


in which, AK, K,, and K; are constants. 





e footnote 3, p. 831. 
.otnote 2, p. 830. 
tting speed giving a definite tool life. 
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It is probable that the cutting speed is not affected equally by 
changes in the feed and depth of cut, but it is also probable that th 
differences between the true laws of cutting, and the results obtained 
on the assumption that the cutting speed is a function of the area of 





4 
Hae 














(vY) 





| o—~+ 


























FT. PER MIN. 


013 O15 O17 


FEED - INCH PER REV. 




















‘ 
w 
= 
a) 
a 
= 
8 
Q 
wi 
Pr 
a 
ve) 
2 
= 
E 
> 
Vv 
































002 006 Ai0 018 N22 


O¥ 
Derrn- inch = =(D) 
Fiagure 9.—Effect of feed and depth of cut on the cutting speed of 
1.3 per cent C steel tools when taking shallow cuts at fine feeds 


All tests were made dry with steel C 22 (Table 2) on forging No. 41 (Table 3). 


cut, will be small in the case of the shallow cuts and fine feeds her 
investigated. 

The experiments made in this investigation using different feeds 
and depths of cut were not carried out with a view to establishing the 
laws of cutting. They were made solely to permit a more genertl 
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P interpretation of the results of tests designed to throw light upon 
F netallurgical variables, such as the composition and heat treatment of 

4 the tools. From this standpoint it is immaterial whether one or 
' another form of equation is employed so long as a reasonably close 

F concordance is obtained between the experimental results and the 

‘calculated values. In this respect equation (2) seems adequate for 
present purposes and was used in the extrapolation of experimental 
data as required in this investigation. 


2. FOR CARBON STEEL TOOLS 


The effect of feed and depth of cut on the cutting speeds of carbon 
steel tools is shown in Figures 9 and 10. In this case the relations 
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Figure 10.—Effect of area of cut on the cutting speed of 1.3 per cent C steel 
tools when taking shallow cuts at fine feeds 


All tests were made dry with steel C 22 (Table 2) on forging No. 41 (Table 3). 
may be represented approximately by the equation 


| ee 


VDF" A (6) 


With the tools and the test forgings used in the experiments and 
the selected tool life of 90 minutes, equation (6) becomes 


where V is expressed in feet per minute and A in square inches. 





850 Bureau of Standards Journal of Research (vas 


Under the range of cutting conditions investigated, the cuttin 
speeds for high-speed steel tools were much higher than those {y; 
carbon steel tools, but the differences tended to diminish as thp 
areas of cut were decreased. With sufficiently shallow cuts and firp 
feeds or with adequate cooling it may be possible for carbon ste: 
tools to have higher cutting speeds than high-speed steel tools, 4 
has been reported by some investigators.'* This is shown graphically 
in Figure 11, where the cutting speed-area of cut curve for high-spee 
steel tools is a straight line and that for carbon steel tools rises very 
rapidly for cuts less than about 0.0001 square inch. The two curves 
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Fiaure 11.—Comparison of the cutting speeds of 1.3 
per cent C and the high-speed steel tools with different 


areas of cut 
Based on data given in Figures 8, 9, and 10. 


may cross with sufficiently small areas of cut or if the tools ar 
working at low temperatures through the use of cutting liquids. 


VII. VARIATIONS IN TOOL FORM 
1. SHAPE OF THE NOSE OF THE TOOL 


Tests were made with tools of different forms and angles with the 
principal object of determining whether successful application of tht 
described method of test was dependent upon having a broad-nox 
tool. 


14 See Table 1, p. 832. 
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Comparisons were first made of the performance of the broad-nose 
© tools, illustrated in Figure 5, B, with tools of the forms and dimensions 
© chown in Figures 12, A and B. Both of the tools illustrated in Figure 
; 12 were similar to tools studied by the Lathe Tools Research Com- 
© mittee “ except for size, a slight increase in the front and side clearance 
F angles, and in the plan angle of the tool in Figure 12, A. 


© Taste 7.—Performance of tools of different forms when taking shallow cuts and 
4 Sine feeds! 





Tool life (minutes) Cutting 


sneed fo 
Tool form _ . — - - a i for 








nf A). 4 
it i (gi 2, “jo 


10se (fi g. 5, B)- 
ig. 12 
12 


ition and treatment of tool steel E97 given in Table 2. Composition an id = ies of test 
. 41 given in Table 3. All tests made at 380 ft./min. cutting speed, 0.0115 in., . feed, and 
pth except as otherwise noted. 
put od by equation (1) of the text. 
test made at 250 ft./min. cutting speed. 


The results of the tests are summarized in Table 7 and show that 
the tool with a plan angle of 65° had a longer life (and higher cutting 
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FigurE 12.—Tools of special form used in some of the lathe tests under 
shallow cuts and fine feeds 


speed) than the oes tool illustrated in Figure 5, B. Thesharp 
pointed tool (fig. 12, B) failed immediately under he conditions of 
test which wenmitted the other two tools to cut for 20 to 35 minutes, 
but with a reduction in the cutting speed from 380 to 250 feet per 
e the sharp pointed tools gave evidence of a measurable length 

lie, 

The finish produced on the work appeared to be somewhat smoother 
and more highly polished with the broad-nose tools (fig. 5, B) than 
with the tools having a 65° plan angle (fig. 12, A). The latter tools 
failed abruptly, whereas with the broad-nose tools failure was 
progressive from leading to trailing edges as has already been 


described. 





I nent of Scientific and Industrial Research, Manchester Association of Engineers. Report of 
the Tools Research Committee, 1922, His Majesty’s Stationery Office, London. 
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Spiral chips were characteristic of the broad-nose tools, wheres 
straight chips and chips which were not as deeply colored wer 
produced by the tools having the 65° plan angle. 


2. BACK SLOPE AND SIDE SLOPE IN BROAD-NOSE TOOLS 


Further evidence that the trailer tool method of test is applicable 
to a wide range of conditions is found in the results of tests made 
with broad-nose tools (fig. 5, B) having back slopes varying from §° 
to 40° and side slopes of 0° and 8°. 
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BACK SLOPE — DEGREES 


Ficure 13.—Effect of change in back slope and in 
side slope on the cutting speed of the broad-nose tools 
of Figure 5(B) when made of high-speed steel 


As is shown in Figure 13, the cutting speed of tools with 8° side 
slope was less than that of tools with 0° side slope, and the best per- 
formance of the latter was obtained with about 30° back slope. With 
increase to 40° or decrease to 5° back slope the cutting speed decreased. 

In addition to showing that the broad-nose tools (fig. 5, B) had a 
shorter life but left a more desirable finish on the work than the 
tools with 65° plan angle and that tool angles affected the performance 
of the former to an appreciable degree, these tests demonstrate that 
the successful application of the trailer tool method of test is not 
dependent upon having tools of a particular form. 
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VII. EFFECT OF LARD OIL AND WATER ON CUTTING 
SPEED OF HIGH-SPEED STEEL TOOLS 


' Since most industrial machining is done wet, the dry tests, already 
) described, were supplemented by a few tests with water ™ or lard oil 7 
as cutting liquids, but instead of making comparisons under one 
» speed, feed, and depth of cut, tests were carried out at different speeds 
' to give durations of cut from about 2 to 50 minutes. 

A stream of the chosen liquid was thrown on the top surface of 
' the tool through a \-inch nozzle at the rate of approximately 0.35 
' gallons per minute. Alternate wet and dry tests were made to 
' eliminate, as far as practicable, from the results, variations arising 
from differences in the machining properties from point to point in 
the test forgings. 

The results of the tests are summarized in Figure 14, and show that 
there was a gain in the cutting speed (or tool life) from the use of 
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Figure 14.—Relations between the tool life and the cutting speed of high- 
speed steel tools when cutting wet and dry 


See text for discussion. 


either water or the lard oil. The increase was slightly greater with 
water than with the lard oil in tests of short duration (made with the 
highest cutting speeds) but equal in the tests in which tool failure 
| occurred in about 50 minutes. 
| In other words, the slopes of the straight lines representing the 
| relations between cutting speed and tool life in the logarithmic plot- 
| ting used in Figure 14 were not the same for the wet and dry tests. 
| This may be significant although it should be noted that the differ- 
ences are not much greater than the scatter of points which can ordi- 
narily be expected with the methods of test employed. 

In the tests of short duration the operating temperatures of the 
| tools are known to have been higher than in the tests of long dura- 





‘6 One and one-half per cent by weight of washing soda was added to the water to minimize corrosion of 
the machine tool equipment. 

The lard oil used was purchased under United States Government master specification No. 2d for Lu- 
bricants and Liquid Fuels. Bur. Mines Tech. Paper 323B, United States Department of Commerce, 
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tion, and the gains from water, which is a more effective coolant thay 
oils, would be expected to be greater than the gains from the lard ojj 
With decrease in the cutting speed, the frictional temperatures ¢p. 
creased. ‘There was less need for cooling, and it is not unreasonab|: 
to find equal gains from the two liquids. 

If it is assumed that the temperatures of the working portions of 
the tools at given speeds, feeds, and depths of cut decreased in orde 
from the dry tests to tests with the lard oil and water, then it may by 
said that the slopes of the lines representing the experimental resul\; 
in Figure 14 increase with decrease in the operating temperatures, 
The three conditions may then be represented in terms of equation 
(1), as follows: 


For dry tests 
V T 10 485 
For tests with lard oil 
V £9.18 a §47 
For tests with water 
V T 181 = 585 (10 


If it is further assumed that the variations in the slopes of the 
lines in Figure 14 were not due entirely to experimental errors, but 
represent the true trend of effects and that it is justifiable to extrapo- 
late to longer cutting periods than were obtained in the experiments, 
then the line representing the tests with lard oil crosses that represen 
ing the tests with water. This means that a greater gain would 
result from lard oil than water under the long-time cutting of com- 
mercial practice. 

These features are of interest, but before they can be accepted 
without reservations further work should be done, and, as pointed 
out in a recent report of the American Society of Mechanical Engi- 
neers Special Research Committee on Cutting of Metals,’ much mor 
must be known of the true action of cutting liquids. 

Possibly the greatest benefit obtained with the liquids was the 
better finish produced and not the increase in tool life. In general 
dry turning gave a highly polished and smooth finish at the start 0! 
the cut, but there was a tendency for the surface to become less smooth 
as the test progressed, resulting in a very poor finish on the work 
piece just before tool failure. At this time there was also a tendency 
toward chattering, and very often small, shiny particles became 
embedded in the work piece. The finish produced when operating 
with the liquids was not so highly polished at the start of the cul 
as when dry. However, it appeared to be as smooth, and this 
smoothness was maintained throughout the whole cutting time. 





18 Progress Report No. 1 on Cooling and Lubrication of Cutting Tools. Subcommittee on Cutt 
Fluids. Presented at the December, 1928, meeting of the American Society of Mechanical Engineers. 
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IX. EFFECT OF HEAT TREATMENT OF TOOLS ON CUTTING 
SPEED 


1. HIGH-SPEED STEEL TOOLS 


' The performance of high-speed steel tools is quite largely dependent 
' upon the heat treatment to which they have been subjected, and the 
S best results are obtained in rough turning when the customary steels 
' containing about 0.7 per cent carbon, 18 per cent tungsten, 4 per 
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Ficure 15.—Effect of quenching temperature on the cutting 


speed of high-speed steel tools under shallow cuts and 
under heavy duty 
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All tools were tempered at 1,100° F. subsequent to hardening. Composi- 
tions of the tools are given in Table 2; properties of the forgings are given 
in Table 3. All tests were made dry. 


cent chromium, and 1.1 per cent vanadium are quenched from 2,400 
to 2,450° F. and subsequently tempered at about 1,100° F.% This 
treatment gives close to the maximum tool life, but the tools must 
be well supported, as they are more brittle than when hardened from 
lower temperatures. 





Some Other Properties of High-Speed Steels, Trans. Am. Soc. Steel Treating, 4, p. 353; 1923. 
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Tempering at 1,050° to 1,100° F., subsequent to hardening fron 
2,400° F., may improve the tool life slightly, but a more importan; 
effect is improved toughness. 

The effect of variations in the hardening temperature upon the 
life of roughing tools is shown in the lower half of Figure 15, in whic) 
the cutting speeds giving 90 minutes tool life are expressed as th 
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All tools were first oil quenched from 2,400° F. Compositions of the 
tools are given iu Table 2; properties of the forgings are given in 
Table 3. All tests were made dry. 


percentage of the cutting speed of tools quenched from 2,400° F. 
Figure 15 shows that the hardening treatments which gave the best 
results for heavy duty also gave the best results with shallow cuts 
and fine feeds. However, the percentage differences in the tool pel- 
formance were somewhat smaller in the case of the shallow cuts 
than for heavy duty. 
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' The effects of variation in tempering temperature on tool life for 
| both deep and shallow cuts are illustrated in Figure 16 and show 
that tempering at 1,100° F. tended to improve the tool performance, 
| particularly for shallow cuts and fine feeds. This can probably be 
| explained by the conversion to martensite of the greater part of the 

austenite retained upon quenching. Under shallow cuts and fine 
feeds the operating temperatures are closer to atmospheric than 
under conditions of rough turning where the temperatures are often 
close to “red. heat.” With shallow cuts the differences in hardness 
between the fully martensitic steels and those containing appreciable 
proportions of austenite are probably maintained throughout the 
life of the tools and may affect their performance. Differences in 
hardness probably disappear under the high temperatures reached 
in rough turning, due to a natural “softening” of all steels with large 
increases in temperature or to the automatic conversion of the 
austenite to martensite by the heat generated in the test, or both. 

In the foregoing experiments relative to the effects of heat treat- 
ment upon the performance of the customary high tungsten-low 
vanadium high-speed tool steel, the trailer tool method of test for 
shallow cuts and fine feeds gave results similar to those obtained in 
the breakdown, or Taylor, tests for rough turning. With some com- 
positions of high-speed steel, notably in the case of that containing 
nickel, the rough turning experiments and those with shallow cuts 
did not necessarily place the steels in the same order of performance 
as will be shown in Subsequent sections of this report. 


2. 1.3 PER CENT CARBON STEEL TOOLS 


Tests were made of carbon steel tools, containing 1.3 per cent 
carbon, when quenched and tempered at different temperatures, and 
the results are summarized in Table 8. The cutting speed was not 
affected to any measurable degree by variation in the hardening 
temperature from 1,425° to 1,650° F., nor did subsequent tempering 
at temperatures up to 375° F. change the performance of the untem- 
pered tools. The toughness of the tools probably varied considerably 
under these different heat treatments, but this is not so important 
with the shallow cuts and fine feeds used in the experiments as with 
the deep cuts and coarse feeds encountered in rough turning with 
high-speed steels. 


X. PERFORMANCE COMPARISONS OF DIFFERENT CARBON 
AND LOW-ALLOY TOOL STEELS UNDER SHALLOW CUTS 


Tests were made under shallow cuts and fine feeds of carbon steel 
tools containing from about 0.75 to 1.3 per cent carbon and of a low 
tungsten “finishing tool steel” and a so-called nondeforming tool 
steel containing about 1% per cent manganese and small proportions 
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of chromium and tungsten. The object of these tests was to com- 
pare the performance of the different compositions when subjected 
to heat treatments substantially the same as those recommended by 
the respective manufacturers for general purposes. , 


TABLE 8.—Effect of heat treatment on the performance of 1.3 per cent C steel tools 1 


| 
7 ’ Cutting 
) empering Tentt? speed giy- 
Hardening temperature (° F.) 3 tempera- —— Fede po 9 ing 0 
ture’ I minute 
tool life 





Ft./min. Minutes | 
163 20. 4 

161 3.2 | 
160 (90) 


163 1. 
160 £8 fo.) 
160 73.7 | 
160 (90) | 


163 47.8 | 
160 (90) | 


165 38.0 | 
163 (90) |. 
160 (90) | 


168 0.8 
165 BS)... 
163 (90) | 
| 





170 3.6 
165 1.8 |_. 
163 (90) 








1 Tests made with steel C22 (Table 2) at 0.0115 in./rev. feed and 0.005 inch depth of cut on forging No. 
41 (Table 3). 

2 All tools normalized by heating 45 minutes at 1,675° F. and cooling in still air; held 10 minutes at 
specified hardening temperature and quenched in water. 

3 Tempered for one hour at specified temperatures. 

‘ Bracketed values indicate that the tools did not fail in the designated time. 


The results of the tests are summarized in Table 9 and show that 
the cutting speeds were nearly the same for all of the steels. The 
tungsten tool steel (V, Table 9) gave somewhat better performance 
than the manganese steel (U, Table 9), but the differences between 
the latter and the carbon tool steels were probably within the limits 
of reproducibility of the results. 

The reason why the six steels tested showed comparable perform- 
ance is probably to be found in the nature of the test. So long as 
the cutting conditions are such that the operating temperatures do 
not exceed certain values, which are not known at present, the tools 
continue to cut for long periods. With small increases in the cutting 
speed, or other variables, such as feed or depth of cut, this limiting 
temperature of operation is exceeded and the tools quickly fail. In 
other words, the test as carried out indicates the relative limits in 
the temperatures of operation under which the tools will stand up. 
Tungsten is one of the metals known to improve the resistance to 
“softening” of steels at high temperatures and has probably been 
responsible for the slight superiority in the cutting speed of steel V, 
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Table 9. On the other hand, the ability of steels to resist ‘‘soften- 
ing” with temperature increase is probably not affected appreciably 
by carbon variations between 0.75 and 1.3 per cent, and the different 
carbon steels all showed comparable cutting speeds. 


TABLE 9.—Summary of tests with carbon and low alloy tool steels } 





Chemical composition (per cent) | | 
Speed for 
Cutting | Feed Depth of aan | 90-min- 
| 
SHOES (hy 


| ute life 





| speed cut 


| Ft. = In./rev. |} Min. Ft./min. 
| 4.7 
168 0.0115 | 
165 


170 
165 
163 
160 
160 
158 


| 
| 
| 
i 





160 oeageu 
150 (90) | 

12.9 | 
os 
(90) | 


165 
163 
160 
150 











165 
163 


0115 | 
160 } 


170 
165 - 0115 
163 


j 














1 For compositions and heat treatments in detail see Table 2; tests nite on fending No. 41, with composi- 
tion and properties given in Table 3, tool form shown in Figure 5 B. 

? Bracketed values indicate that the tools did not fail in the designated time. 

'Type composition, purchased under trade name. 


There were no detectable differences in the surfaces produced on 
the work piece by the different carbon and low-alloy steel tools. 


XI. HIGH SPEED STEEL TOOLS OF DIFFERENT COMPOSI- 
TIONS USED UNDER SHALLOW AND DEEP CUTS 


1. PREPARATION OF THE STEELS AND TOOLS 


The chemical composition of high-speed steel tools for rough turning 
was studied by Taylor and his associates ® and has since been made 
the subject of 1 many other experiments.”* In fact, it is probably safe 





on 


” See testi te 2, p. 830. 

1 Many papers on this subject will be found in the bibliography of High-Speed Tool Steels, Trans. Am. 
Soc. Steel Treat., 3, p. 47; 1922. Only a few of the more recent references are included here. H.J. French, 
J. Strauss, Lathe Breakdown Tests of Some Modern High-Speed Steels, Trans. Am. Soc. Steel Treat., 
%, P. 1125; 1923 B. S. Tech. Paper No. 228. W. Oertel and F. Polzguter; Beitrag zur Kenntnis des Einflusses 
von Kobalt und Vv anadin auf die Eigenshaften von Schnellarbeitsstahl. Berichte d. Fach. des Vereins 
deut. Eisenhuttenleute, 47, p. 1; July 17, 1924. L. Guillet, Les aciers & outils a coupe rapide renfermant du 
cobalt, Rev. de Met., 22, p. 88; 1925. R. Hohage and A. Grutzner Schneidversuche mit Schnellarbeitss- 
tahlen. Stahl u. Eisen, p. 1126; July 9, 1925. H. J. French and T. G. Digges Experiments With Nickel, 
Tantalum, Cobalt, and Molybdenum in High-Speed Steels, Trans. Am. Soc. Steel Treat. 8, p. 681; 1925, 
F.C, A. H. Lantsberry High-Speed Steels, Trans. Am. Soc. Steel Treat. 11, p. 711; 1927, 


77886°—29-—3 
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to say that continuous efforts have been made during the past 20 years 
to improve the performance of high-speed tool steels intended for 
heavy duty. Comparable studies have not been made for the shallow 
cuts and fine feeds which generally characterize finish turning opers. 
tions, and, accordingly, high-speed steels of different compositions 
were tested by the “‘trailer-tool”’ method described in this report and 
the results compared with those obtained under heavy duty. Tests 
were made of important industrial types of high-speed steel, such as 
the high tungsten-low vanadium steels, the low tungsten-high vanad- 
ium steels, and the cobalt steels. A study was also made of additions 
of appreciable proportions of nickel, molybedenum, titanium, and 
tantalum and of the effects of elements which may be classed as 
impurities, such as phosphorus, sulphur, arsenic, antimony, tin, copper 
and aluminum. 

The chemical compositions of the steels tested are recorded in 
Table 2, and, as there indicated, the majority were experimental 
melts, but a few commercial steels were included for comparison. 

The high-speed steels were not free from all elements other than 
those reported in Table 2, but, in general, only small proportions of 
other elements were present. In one or two cases small amounts of 
aluminum were added to quiet the metal in the ladle. Small propor- 
tions of nickel, cobalt, or molybdenum were probably introduced 
through the scrap high-speed steel which formed part of the charge 
in some of the heats, and other elements were probably introduced 
inadvertently through their presence as impurities in the ferro-alloys 
employed. 

Spectroscopic examination ” was made of samples from many of 
the experimental steels and, with the exception of phosphorus, sul- 
phur, and arsenic, which are not very sensitive in are spectra, the 
results confirmed those obtained by chemical analysis, as reported in 
Table 2. In addition to these elements, small proportions of impun- 
ties were found, as follows: Copper, aluminum, and molybdenum were 
found in all the steels examined, but with the exception of the steels 
to which these metals were intentionally added the proportions were 
small and considered to be below 0.03 per cent. Small proportions 
of tin, introduced from the ferrotantalum, were found in the tantalum 
steels, E44, E45, E16, and E100. Nickel was found in samples E70, 
E71, E77, E51, and E87. Cobalt was found in steel E51. Nickel, 
cobalt, and molybdenum were present in steel E5: and, if 100 per 
cent recovery of these elements from the high-speed steel scrap is 
assumed, steel E51 contained about 0.35 per cent cobalt, 0.25 per 
cent nickel, and 0.10 per cent or less of molybdenum. 

Steels L and E97 (Table 2), used as the basis of comparisons in the 
study of impurities, contained traces, estimated at 0.01 to 0.03 per 


———t 





22 Examinations made by Dr. W. F. Meggers, chief of the spectroscopy section. 
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cent, of copper and aluminum, but there was no evidence of antimony 
or arsenic. ‘The most sensitive tin lines are close to iron lines, and 
therefore it was difficult to get a positive indication of tin which may 
likewise be present in traces in these two steels. 

In general, only small proportions of impurities were found by 
spectroscopic analysis, and these should not affect the comparisons 
to be made, particularly as steels containing different proportions of 
the added elements are available in most cases to show the trends in 
the effects produced. 

In the study of impurities, the proportions of arsenic, tin, copper, 
etc., were much higher, in most cases, than the proportions which 
would ordinarily be encountered in commercial high-speed steels, 
but it is frequently advantageous to deal with extremes so as to em- 
phasize the effects of important variables. It should also be kept in 
mind that the phosphorus, sulphur, arsenic, antimony, copper, or 
tin were not residual but were added to the steels in the ladle and that 
the effects produced may differ from those observed when the corre- 
sponding elements are carried through all stages of manufacture from 
the ores or introduced into the steels in other ways. Nevertheless, 
the ladle additions made constitute a logical step in the study of the 
subject of impurities. 

The steels produced experimentally were melted in an indirect are 
furnace. ‘The molten steel was generally tapped hot enough to permit 
its being held in the ladle for a few moments before casting into 
55-pound ingots having a top section about 3 by 3 inches and a 
length of 22 inches. A split iron mold was used in which the ratio 
of mold weight to ingot weight was about 1.9; in practically all cases 
hot tops were used and a top discard made of about 25 per cent. 

The required amounts of metallic antimony, arsenic, copper, tin, 
or aluminum were placed in the ladle and the molten steel poured on 
top. Phosphorus and sulphur were introduced into the steels by 
ladle additions of ferrophosphorus containing about 25 per cent 
phosphorus and pyrite (FeS). The titanium and tantalum were 
added to the metal in the furnace by placing the required amounts of 
their respective ferro-alloys in sheet-steel containers and pushing these 
below the surface of the bath about five minutes before tapping. 
The recovery varied but did not exceed about 50 per cent of the 
titanium added as carbon-free ferrotitanium of the composition shown 
in Table 10. 

With the exception of steel E51, the steels containing titanium also 
contained aluminum which was introduced by the ferro-alloys used. 
It was largely on this account that two steels, E78 and E98, (Table 2) 
were made with aluminum additions. Any marked effects produced 
by titanium could then be determined by comparison of the steels 
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containing both titanium and aluminum with those containing only 
aluminum. 


TaBLeE 10.—Ferro-alloys used in making some of the special high-speed tool steels 








: " 
| Chemical composition ! (per cent) 
Ferro-alloy re 





Carbon-free ferrotitanium ~~. ...........-|....--}..-... 
Ferrotantalum 

Ferromolybdenum ? 

Ferrotungsten containing molybdenum * 





1 As reported by the manufacturer. 
2 P=0.057 per cent; S=0.19 per cent. 
3 Made from California Scheelite ore. 





In one case about 97 per cent of the tantalum was recovered when 
using low-carbon ferrotantalum, but, in general, the recovery was 
appreciably less varying from about 60 to 80 per cent. As will be 
noted from Table 10, the ferrotantalum used contained roughly | 
part of columbium for every 8 parts of tantalum. While the steels 
made will be referred to as tantalum steels, it is to be understood 
that they also contain columbium. This element, if recovered in the 
same proportions as tantalum, is present in the steels in amounts equal 
to about one-ninth of the total percentages given in Table 2. 

Molybdenum additions were made in the furnace with the original 
charge by means of ferromolybdenum of the compositions given in 
Table 10. However, in two cases—those of heats E107 and E109 
(Table 2)—the molybdenum was introduced as an impurity in the 
ferrotungsten (Table 10). Cobalt was added in shot or cube form in 
the furnace with the original charge, while nickel was added as shot 
or electrolytic nickel in the furnace or in the ladle. 

After casting the ingots were allowed to become cold and were then 
annealed. Surface imperfections were removed on ashaper or surface 
grinder. Steels with heat numbers between E14 and E51, inclusive, 
(Table 2) were forged with a steam drop hammer to % by 1% inch bars; 
all other steels were forged to 2 by 2 inch bars under a press and then 
rolled into 143 by 1% inch bars. Forging and rolling temperatures were 
kept between about 2,150° and 1,800° F. Subsequent to forging or 
rolling the bars were again annealed by heating two to three hours at 
1,600° to 1,650° F. and slowly cooling in the furnace. 

Test tools about 5 inches long, with a cross section of % by % inch, 
were machined from the rolled or forged bars, and care was taken in 
grinding the nose to have the top surface of the finished tool com- 
prised of metal adjacent to the surfaces of the hot finished bars. 

The tools were preheated for 20 minutes at around 1,600° F,, 
introduced into the high-temperature furnace and kept there one 
and one-half minutes, and then quenched in a thin oil. They were 
subsequently tempered 30 to 45 minutes at temperatures given il 
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Table 2. The results described in Section IX, 1 of this report and 
earlier work * form the basis of selection of the hardening temper- 
atures used which are recorded in Table 2. In most cases these are 
known to produce close to the best performance of which the several 
steels are capable. This does not apply to the steels containing tan- 
talum nor to the commercial steels containing the highest proportions 
of cobalt, which in individual cases were treated by or according to 
the recommendations of the manufacturer. 


2. HOT WORKING AND MACHINING PROPERTIES 


An adequate idea of the working and machining characteristics 
of the steels listed in Table 2 can probably be obtained only under 
conditions approaching those of commercial production, but certain 
definite effects were observed in the working and machining of the 
experimental melts which deserve mention at this time. 

Difficulties were encountered in forging two of the molybdenum 
steels, E31 and E29. (Table 2.) In both heats the ingots cracked 
badly, and only small proportions were secured in final bar form. 
The tungsten-molybdenum steel (E31) was, perhaps, the worst in 
this respect, as the ingot split under the first few light blows of the 
hammer. Possibly, modifications in the forging practice employed 
would have been productive of better results, but it appeared that 
these molybdenum steels were more sensitive to working conditions 
than the ordinary types of high-speed steel. 

So-called “sweating out” of the molybdenum visible by the thick, 
bluish smoke arising from the steel was observed only during forging 
(not in heat treatment), but examination of the forged bars of steel 
E29 indicated negligible losses of molybdenum. Quite probably the 
smoke observed in forging was the volatilization of the molybdenum 
oxide already forming part of the scale. 

One of the forged and annealed bars was first pickled in an ammo- 
niacal citrate solution to loosen the scale which was then carefully 
brushed or chipped from the underlying metal. Six successive cuts, 
each 0.003 inch deep, were then taken beneath the cleaned surface 
and each of the six samples analyzed for molybdenum. Table 11 
indicates negligible losses of molybdenum in the unoxidized metal 
unless the losses were concentrated in very shallow outer layers. 
However, this seems improbable since, as pointed out by Bain,” 
molybdenum volatilizes very slowly, even in vacuuo, and diffuses 
slowly in iron alloys, whereas the oxide of molybdenum is quite 
volatile. Rapid diffusion and rapid volatilization would both be 





® See footnote 19, p. 855. : 


4 E.C. Bain, Discussion of Paper, referred to in footnote 21, p. 865, by H. J. French and T. G. Digges on 
Experiments with Nickel Tantalum, Cobalt, and Molybdenum in High-Speed Steels, Trans. Am. Soc. 
Steel Treating, 8, p. 6; 1925. 
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necessary for appreciable losses of metallic molybdenum at the 
unoxidized surfaces of the steel. 

The steel containing 0.78 per cent aluminum did not have as good 
hot-working properties as steels without appreciable proportions of 
this element, as was shown by bad corner cracks produced in rolling. 
(Fig. 17.) 

One of the steels containing titanium (E96) showed a high degree 
of hot shortness in rolling although it seemed to forge in a satisfac. 
tory manner. This was probably not due either to the aluminum 
(0.08 per cent) or to high carbon (1.24 per cent), since a steel with 
equal carbon (E101) and steels with higher proportions of aluminum 
(0.38 per cent aluminum in steel E101 and 0.30 per cent aluminun 
in steel E87) had more satisfactory working properties. The splitting 
of the forged bar in rolling as is shown in Figure 17 may have been 
due to segregation. In this connection it should be noted that in 
this steel the recovery of titanium was only about 15 per cent of 
that added to the molten metal. 


TaBLE 11.—Molybdenum found in successive layers beneath the surface of forged 
bars of steel E29} 








| 
| Molybde- 


Location of sample with respect to pickled and brushed surface Dum 


Per cent 


0.003 to 0.006 inch below surface..........__- SS a Sa eC ae tte 
0.006 to 0.009 inch below surface...............__.__--- 

0.009 to 0.012 inch below surface._- 

0.012 to 0.015 inch below surface...................--.-- 

0.015 to 0.018 inch below surface 





1 Chemical composition given in Table 2. 


In general, the difficulties in hot-working the different steels were 
more pronounced in rolling than in forging or pressing. The steels 
containing 1.7 per cent antimony or 1.8 per cent tin showed a high 
degree of hot-shortness and could not be forged or rolled. (See 
Fig. 18.) The ingot of steel E48 containing 1.2 per cent tin ‘‘smoked” 
in forging like the high molybdenum steels. 

None of the other steels gave appreciable difficulties in forging, but 
several showed surface cracks, mostly at the corners, on rolling. 
Among these were the steels containing 0.4 per cent antimony, the 
steels with around 0.8 per cent or more of copper, the steel containing 
0.8 per cent arsenic, and the steel containing 1.4 per cent carbon and 
1.10 per cent tantalum. 

All of the high-speed steels referred to in Table 2 could themselves 
be readily machined when in the annealed condition except the ste¢! 
containing 1.8 per cent copper and the three steels containing abou! 
3% per cent nickel and 0.6 to 0.7 per cent carbon. The steel with 
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Figure 17.—Appearance of some of the rolled or forged high-speed steel bars 
containing titanium and aluminum 











See Table 2 for detailed chemical composition. 
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Figure 18.—Appearance of the rolled high-speed steel bars containing arsenic, 
antimony, or copper 
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copper (E74) was machined with difficulty, but it was impossible to 
machine two of the nickel steels, E22 and E14, either in the cast or 
forged conditions even after prolonged annealing. Steel E130 was 
machined with difficulty, but with comparable proportions of nickel! 
and lowered carbon content the machining properties were greatly 
improved. Steel E41 containing about 0.5 per cent carbon and 3% 
per cent nickel, while not “soft,” could be machined without great 
difficulty after annealing. 


3. GENERAL COMMENTS ON LATHE TESTS 


The steels referred to in Table 2 and the lathe-tool tests to be dis- 
cussed were made at intervals over a long period of time on different 
test forgings, so that a direct comparison of all the tools is not prac- 
ticable. This does not prevent determination of the effects of the 
added metals considered, since each set of tests was considered to be 
complete in itself and included one or more of the plain chromium- 
tungsten-vanadium high-speed steels as the basis for comparisons. 

All tests were made at selected speeds, feeds, and depths of cut and 
the tool life determined. From 6 to 12 tools of each steel were 
tested for each of the selected cutting conditions. However, instead 
of reporting the average tool life comparisons are made of the cutting 
speed permitting a tool life of 90 minutes. This was obtained from 


: : ' 1 
the average tool life by means of equation (1) with n= v for tests 
( 


made under shallow cuts and fine feeds (‘‘trailer-tool”’ tests) and with 
n : for tests made with heavy cuts and coarse feeds (rough turning) .* 
‘ 

The chromium-tungsten-vanadium steels used as the basis of 
comparisons in a majority of cases were experimental melts made in 
the same manner as the steels containing additions of the special 
elements. However, in some cases commercial high-speed steels 
were substituted for the experimental steels, so that the performance 
of the different lathe tools might be viewed in the light of commercial 
products. The results recorded in Table 12 show that the experi- 
mental steels gave comparable performance to the commercial steels 
of like composition which were selected for comparisons under either 
shallow cuts and fine feeds or deep cuts and coarse feeds. 


4. STEELS WITH MOLYBDENUM 


Many of the cobalt high-speed steels contain from 0.5 to 1 per cent 
of molybdenum, but ferrotungsten containing appreciable propor- 
tions of molybdenum has not always been considered to be desirable 
by American steel manufacturers.” 





ar 


rhe basis of the selected values for the exponent nin equation 1) is discussed in Section V of this report 
ind in the reference of footnote 1, p. 830. 
* Private communications. 
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TaBLe 12.—Comparisons of commercial and experimental high-speed tool steels in 
lathe tests 


SHALLOW CUTS AND FINE FEEDS 





Cutting conditions " 
Oa 5 Tee e ae eee aS om, Aver- 
. age tool Remarks 


Depth Forging ea life 


| 
Type of steel 
No.1, | tested 





[ 

| 

Speed 
| 


Ft./min.| In./rev.| Inch Minutes C 
-|\ , f 400 | 0.0154 | 0.005 ) 7.1 ommercial steel, 
plow W—high V.-.)) 400} 0154 | . 005 48.8 | Experimental meit, 
\y ow WW lf 880] .0115 | .010 20.7 | Commercial steel, 
Rite Low W—cobalt---. \ 380 | .0115 . 010 19.3 | Experimental melt 


| 
i 























DEEP CUTS AND COARSE FEEDS 


---|\ 3 cola me 0.028 | 0.1875 .4 | Commercial steel. 
-|) High W—low \ a ‘ - 028 . 1875 | .3 | Experimental melt, 
y y 3.8 
1 








- 1875 Commercial steel. 


__-|\ Ww 
: jLow W—cobalt....)) . 1875 | Experimental melt, 


1 See Table 2 for chemical compositions of the tools and their heat treatment; tool form given in Figure 


5, B. 
2 See Table 3 for chemical compositions and properties of the forgings cut. 


The four steels containing molybdenum (Table 2) may be said to 
fall into two classes, the one in which molybdenum was introduced 
as an impurity in the ferrotungsten, made from California Scheelite 
ores, and the second in which molybdenum was used intentionally as 
a replacement of part or all of the tungsten. 

Steels E109 and E107 were made with the idea of determining 
whether small amounts of molybdenum produced any appreciable 
effects upon the tool performance of the customary chromium- 
tungsten-vanadium high-speed steels. In steels E31 and E29 part 
or all of the tungsten was replaced by molybdenum in the approxi- 
mate ratio of 1 part molybdenum for each 2% parts of tungsten. 
This ratio represents approximately equivalent effects as determined 
in lathe-tool tests by Arnold and Ibbotson.” 

While not strictly accurate, all four of the steels with molybdenum 
may be considered to be modifications of the customary high tung- 
sten-low vanadium high-speed steel in which 1 part of molybdenum 
has replaced approximately 2% parts of tungsten, and it is on this basis 
that the results of the lathe tests are summarized in Figure 19. 

It would appear from Figure 19 that molybdenum may be sub- 
stituted for part or all of the tungsten without radically changing the 
lathe-tool performance under shallow cuts and fine feeds or under 
heavy duty. If the results in Figure 19 show any definite trends, 
they are that molybdenum is somewhat disadvantageous from the 
standpoint of shallow cuts, but may improve the steels for heavy duty. 





7 J. O. Arnold and F. Ibbotson, The Molecular Constituents of High-Speed Tool Steels and Their (or 
relations with Lathe Efficiencies, J. Iron and Steel Inst., 99, No. 1, p. 407; 1919, 
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Digges 


More definite conclusions can not be drawn, since steels E31 and E29 
are, respectively, low in carbon and in vanadium, and the importance 
of these variations when taking shallow cuts is not known at this time. 

The performance of the molybdenum steel, E29 (without tungs- 
ten), was somewhat irregular under shallow cuts, as is shown in 
Table 13. The cutting speed in one set of tests was almost identical 
with that of the tungsten steel E97 but in another set of tests made 
with a deeper cut was somewhat lower. 

The rough turning tests did not establish superiority or inferiority 
of the high-speed steel tools containing molybdenum, and in this 
respect the results in Figure 19 are consistent with those obtained by 
earlier investigators who, in some cases, found that the steels with 
molybdenum gave better performance than the tungsten steels, 
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MOLYBDENUM-—PER CENT 
Figure 19.—Effect of molybdenum on the cutting speed of chromium- 
tungsten-vanadium steel tools when taking shallow cuts and when tested 
under heavy duty 
The molybdenum in these steels replaced a part or all of the tungsten as indicated graphically on 
the left side of the chart and as explained in the text. Compositions of the tools and their heat 
treatment are given in Table 2; properties of the forgings are given in Table 3. All tests were 
made dry. 
while in other cases this order was reversed. Detailed comparisons 
of the results of some previous investigations are given in Table 14. 
TasLe 13.—Performance comparisons under shallow cuts of Cr-Mo-V and Cr-W-—V 
high-speed steel tools 





Chemical composition (per cent) Cutting conditions Cutting 
4 } Ses = 1 eee ee eee ’ Average speed 
Steel No.! | | | tool for 90- 
: : , } Q . | Depth Forging life minute 
( | | Spee D : - 
a | Speed | Feed | ofcut | No.! tool life? 


, | | | Ft./min. In./rev.| Inch Minutes | Ft./min. 
E97._.............| 0.64 | 3.41 | 13.02 | 1.99 | —- 80 | 0.0115 | 0.010 ‘ 16. 4 | 320 
E29... AL 1 £74 1 ust oh] BY | 380 | .0115 . 010 41 | 6.0 | 290 
F97__. -| .64 | 3.41 | 13.02 | 1.99 | e 400 | .0115 . 005 14.6 | 333 
E29... ; : - 54 | 7.07 | 400, .0115| .005 | 128] 332 
} ! 

‘See Tables 2 and 3, respectively, for details of tool steel treatments and properties of forging No. 41; 
tool form shown in Figure 5, B 1 

*Computed by means of equation (1) of the text with n= io 
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TABLE }4.—Roughing lathe-tool performance of high-speed steels with and withoy 
molybdenum reported by some earlier investigators 


Chemical composition (per cent) | | Metal 
| Rela- | re- | 
tive | moved | 
W+21sX! tool in 
Mo per- | speed 
form- | incre- 
ment 
tests 


Source of data 


| 

Per cent | Pounds | 
23. 90 . 35 | ) 
22, 35 ' } 
18. 70 } 


Hohage and Grutzner; Stahl u. Eisen, 
July, p. 1126; 1925, 





‘os | Arnold and Ibbotson; J. Iron and St 
19 |{ Inst., 99, p. 407; 1919. 


15. 93 | 














As far as can be judged from the described tests, the replacement 
of tungsten by molybdenum is not a substitution which should be 
advocated for lathe tools, but in case of a depleted tungsten suppl) 
molybdenum would be very useful in producing steels with at least the 
same general order of performance as is obtained with the present 
tungsten high-speed steels. 

The high molybdenum steels, such as E29, have one advantage 
over the tungsten steels for roughing tools in that their hardness and 
performance is not so largely affected by variations in the hardening 
temperatures as is shown in Figure 20. When hardened from low 
temperatures around 2,200° F. the high molybdenum steel actually 
showed better performance than the customary tungsten steels simi- 
larly treated. On the other hand, the hardness of the tungsten steels 
containing 1 per cent or less of molybdenum was the same as that 
of corresponding steels without molybdenum when subjected to the 
same heat treatments. 

Up to the present time it has not been practicable to expect uni- 
formly good performance from high-molybdenum high-speed stee! 
tools, but more extended experience with such steels would probably 
result in the development of a technique in manufacture and handling 
which would result in a more satisfactorily uniform performance. 


5. STEELS WITH COBALT 


Cobalt has been an important element in the so-called tungstenless 
alloys for high-speed cutting tools, but the steels considered here are 
the customary chromium-tungsten-vanadium steels modified only 
by additions of cobalt. In the commercial steels of this type from 2.5 
to 5 per cent of cobalt has usually been added, but more recently 
steels with much higher proportions of cobalt have been placed on the 
American market. Some of these also contain molybdenum in pro- 
portions up to about 1 per cent, but since the results already described 
showed that 1 per cent or less of molybdenum had no appreciable 
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Figure 20.—Effect of heat treatment on 
the cutting speed and hardness of some 


of the high-speed steels containing molyb- 
denum 


Composition of the tools and their heat treatments 
are given in Table 2; properties of the forgings are 
given in Table 3. All lathe tests were made dry. 
Quenching temperature shown in the body of the 
chart. The cutting speed of steel D containing no 
molybdenum is given for comparison with the 
molybdenum steel E29, 
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influence on the cutting speeds of the customary chromium-tungsten- 
vanadium steels, either with shallow cuts or under heavy duty, the 
presence of 0.6 and 0.9 per cent molybdenum, in steels CC and Y, 
repesctively, Table 2, may be disregarded. | 

Several advantages are known to result from the addition of cobalt 
to the customary high-speed steel compositions. Steels with around 
5 per cent cobalt can be hardened from somewhat higher temperatures 
than would be safe for the corresponding steels without cobalt, 
and under such conditions of treatment will, on the average, give 
better performance under very heavy duty where the deep cuts and 
coarse feeds produce high frictional temperatures. 

Another advantage of the cobalt steels reported by European 
investigators * is that their performance is not so largely dependent 
upon the hardening temperatures as is the case in corresponding 
steels without cobalt, and with low hardening temperatures, say, 
around 2,300° F., higher hardness and better performance can be 
expected. However, the cobalt steels are reported to acquire a soft 
skin on hardening,” with the result that they have not been widely 
used in form cutters or other tools which must be heat treated in 
finished form. 

The high-cobalt steels, similar to CC and Y (Table 2), have been 
reported to give excellent performance in cutting hard metals; it is 
claimed *' they have also made practicable the commercial ma- 
chining of 14 per cent manganese steels, but the best performance is 
obtained only when the highest possible hardening temperatures 
are used. 

Under shallow cuts and fine feeds higher cutting speeds were shown 
by the steels with cobalt than by those without, but 8 to 12 per cent 
of cobalt was no more effective than 5 percent. (Fig. 21.) Further- 
more, the benefits derived from the cobalt were not large, amounting 
to 10 to 25 feet per minute for cutting speeds of the order of 325 feet 
per minute. 

Similar effects were found in the heavy-duty tests as is shown in 
Figure 21. With the exception of steel, CC (Table 2) the cutting 
speed increased with the proportion of cobalt, but the increase 
between 3.5 and 12 per cent was not nearly as large as that between 
0 and 3.5 percent. With 3.5 per cent cobalt, there was a somewhat 
larger percentage gain in the heavy-duty tests than in the tests under 
shallow cuts and fine feeds. 

Superior performance of the steel with 3.5 per cent cobalt was 
probably due to the fact that it was hardened from a temperature 





#8 See footnote 19, p. 855. Also F. Repatz, Die Leistung von Schnellstahlmessern und ihre Priifung 
Stahl u. Eisen, 49, p. 1109; 1926. 

2 L. Guillet, Les aciers 4 outils a coupe rapide refermant du cobalt. Rev. de Met., 22, p. 88; 1928. 

F.C. A. H. Lantsberry, High-Speed Steels, Trans. Am. Soc. Steel Treating, 11, p. 711; 1927. 

314.8, Martin, Machining Manganese Steel on a Commercial Basis, Iron Trade Rev., 82, p. 564; 192. 
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50 to 75° F. higher than that used in hardening the 8 and 12 per cent 
cobalt steels and the steel without cobalt. Results reported by 
Oertel and Polzguter,®*? which have been included in Figure 21, 
indicate that cobalt additions around 3 per cent do not result in 
creatly increased cutting speeds when the steels are all hardened 
from the same temperatures. 

There is little doubt that cobalt by itself tends to increase the 
cutting speed, but the maximum benefits are derived only with 
modified heat treatments. The results given in Figure 21 show 
further that cobalt additions are of somewhat greater benefit for 
heavy duty than for tools used with shallow cuts and fine feeds. 
But in rough turning nickel steels, such as were used in the described 
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FiaurE 21.—Effect of cobalt on the cutting speed of high-speed steel tools 
when taking shallow cuts and under heavy duty 


Compositions of the tools are given in Table 2; properties of the forgings are given in Table 3. Unless 
otherwise indicated, the tools were oil quenched from 2,375° to 2,400° F. and tempered at 1,050° 
to 1,100° F. All tests were made dry. The source of the data credited to Oertel and Polzguter 
is given in footnote 21, p. 859 of the text. 


experiments, increase in cobalt above about 5 per cent did not produce 
improvements commensurate with those resulting from additions 
of 3.5 to 5 per cent cobalt and high hardening temperatures. 


6. STEELS WITH ARSENIC, ANTIMONY, COPPER, OR TIN 


As a general rule, little attention is paid by consumers to the presence 
of copper, tin, arsenic, or antimony in commercial high-speed tool 
steels, although it is known that all of these elements will be found 
occasionally, and some of them frequently, in the American products. 
Some may be introduced from scrap which forms part of the original 
charge, or, as is sometimes the case with tin and arsenic, small propor- 
tions may be present as impurities in the ferro-alloys used in manufac- 


a 





*? See footnote 21, p. 859. 
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ture. In any case, arsenic, antimony, copper, and tin are generally 
believed to exert harmful effects upon high-speed tool steels. 

According to Sandberg,® copper, tin, arsenic, bismuth, and anti. 
mony are ordinarily present in small amounts in high-speed steels but 
have no ill effects unless they are present, individually, in excess of 0.02 
per cent. McKenna “ states that the detrimental effects of tin, cop- 
per, and arsenic are not generally realized by the trade, and that small 
quantities of these impurities are exceedingly harmful. The character 
of the data upon which these statements are based is not known, and 
technical literature does not contain information on the magnitude of 
the effects produced by different proportions of the metals in question 
or whether they are equally deleterious for all classes of serivee. The 
need for further information is shown by inquiries which have been 
received by the bureau from time to time from consumers and pro- 
ducers and by the fact that the American Society for Testing Materials 
has a committee appointed to study the effects of tin and arsenic in 
high-speed tool steels. 

A large part of the results here described were discussed in a pre- 
liminary report,®* but since a much broader background is now avail- 
able for the interpretation of the tool tests under shallow cuts and fine 
feeds reference will again be made briefly to the effects of copper, tin, 
arsenic, and antimony upon the performance of high-speed steel 
turning tools. 

The results of tésts under shallow cuts and fine feeds and also those 
under heavy duty are grouped in Figure 22 and show that the influence 
of the different elements considered was a function of the conditions 
to which the tools were subjected. 

With shallow cuts, each of the four elements—copper, tin, arsenic, 
and antimony—-adversely affected the tool performance and in each 
case the magnitude of the decrease in tool life or the cutting speed 
became greater as the proportion of the impurity was increased. 
Copper was the least harmful; next in order came tin, while arsenic 
and antimony were the most objectionable. 

The effects of the several elements upon the performance of rough- 
ing tools did not necessarily correspond to those observed with 
shallow cuts. The arsenic addition lowered the cutting speed, but 
the addition of 0.4 per cent antimony or 0.5 per cent or less of tin had 
no measurable effect. Higher proportions of tin lowered the cutting 
speeds, but the high-speed steels containing copper showed slightly 
better performance than the corresponding steels without copper. 





8% R. M. Sandberg, Progress in Hardening High-speed Steel, Fuels and Furnaces (F. C. Andresen and 
Associates, Pittsburgh, Pa.), 6, No. 1, p. 53; January, 1928. 

% R, C. McKenna, Practical Information Concerning High-Speed Steel, Am. Machinist, 51, p. 989; 1919 

% H. J. French and T. G. Digges, Effects of Antimony, Arsenic, Copper, and Tin in High-Speed Tool 
Steel, Trans, Am, Soc. Steel Treat., 13, p, 919; 1928. 
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This effect was confirmed in two independent sets of tests as is shown 
in Figure 22. 

The described results seem to justify the conclusions that copper 
has the least harmful effects of the four metals here considered upon 
the cutting speeds of high-speed steel turning tools; that small pro- 
portions of tin, below about 0.1 per cent, do not seriously affect the 
cutting speeds; but that arsenic and antimony should be kept out of 
high-speed tool steels to be used under varied conditions of service. 

In general, the presence of small proportions of these different 
elements is much less important for tools to be used only in rough 
turning than when shallow cuts are considered. This is, perhaps, to 
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Ficure 22.—Effects of arsenic, antimony, copper, and tin on the cutting speed 
of high-speed steel tools under shallow cuts and under heavy duty 


Compositions of the tools and their heat treatment are given in Table 2; properties of the forgings 
are given in Table 3. All tests were made dry. 


be expected, since any tendency to promote crumbling of the cutting 
edge, which would be observed with shallow cuts when the frictional 
temperatures are low, would probably be masked by the softening of 
the steel at the high operating temperatures encountered in rough 
turning. 

In addition to lathe tool tests, Rockwell hardness tests were made 
on samples quenched and tempered in various ways, and with few 
exceptions the hardness of the steels containing the different impuri- 
ties was practically the same as that of the steels without these im- 
purities similarly treated. The addition of 0.15 per cent tin increased 
the hardness of the steel as oil-quenched from 2,000° F.; when the 
proportion of tin was raised to 0.57 per cent, there was an additional 
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increase in the hardness, but with further increase in tin the hardness 
decreased slightly. 

The additions of antimony, arsenic, copper, or tin produced jo 
outstanding changes in the structures of the high-speed steel tools, 
although there was a tendency for increase in grain size with increase 
in copper content and a decrease in grain size as the proportions of 
antimony, arsenic, or tin were increased. Typical structures are 
shown in a preliminary report referred to in footnote 35 (p. 872) of 


the text. 
7. STEELS WITH ALUMINUM 


The principal reason for considering the effects of aluminum upon 
the high-speed steel tools was the presence of this element in the 
ferrotitanium available and its consequent introduction into the 
steels containing titanium. Without knowing something of the mag- 
nitude of the effects of the aluminum, the trend of the effects produced 
by the titanium could not be established. However, aluminum is 
widely used as a corrective agent in steel-making practice. While 
ordinarily avoided in the manufacture of high-speed tool steels, 
aluminum is sometimes added in the ladles or molds, and its influence 
upon the performance of high-speed steel cutting tools becomes 
important. 

As far as is known, the effect of aluminum upon high-speed steel 
tools has not been made the subject of investigations which have 
reached the stage of publication, but generally useful information 
has been gathered in other fields. Small additions of aluminum to 
molten iron alloys will react with any iron oxide present to form 
alumina, a part of which may be eliminated under suitable conditions. 
With larger additions of aluminum, the same reactions can take 
place, but the larger part of the aluminum is dissolved in the steel as 
aluminum. 

According to Guillet,®** the presence of aluminum in iron-carbon 
alloys— 
has the effect of preventing the pearlite from assuming its ordinary forms; it is, 
in a manner, contorted, and forms little nodules which are the more easily colored 
by picric acid and the more closely resemble troostite in proportion as the per- 
centage of aluminum increases. With a very high percentage of aluminum it is 
even possible to have free cementite formed in a hypoeutectoid steel. * * #* 

Quenching transforms only the nodules of the preexisting pearlite, giving place 
to martensite, generally encircled around its edges by troostite. The result is 
always the same, no matter what the temperature of quenching. It must, 
therefore, be recognized that the iron-aluminum solution is incapable of dis- 
solving carbon. 

From the mechanical point of view quenching has no effect except when the 
pearlite exhibits its ordinary structure; that is to say, so long as the aluminum 
is below 3 per cent. 





36 L,. Guillet, Quarternary Steels, J., Iron and Steel Inst., No. 2, p. 1; 1906. 





fae Turning with Shallow Cuts 
Aluminum was found to increase the tensile strength and decrease 
the elongation and reduction of area, slowly at first but rapidly when 
ihe aluminum was raised above 3 or 4 per cent; the brittleness also 
increased rapidly. 
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Figure 23.—Hardness of high-speed steels containing different proportions 
of aluminum when subjected to different heat treatmenis 


Compositions of the steels are given in Table 2. 


The effects produced in the high-speed steels by aluminum were 
similar in some respects to those described by Guillet for carbon 
steels but were observed with smaller additions of aluminum. As is 
shown in Figures 23 and 24, the hardness of the steels containing 
aluminum decreased, after either quenching or quenching followed 
by tempering, as the proportion of aluminum was raised from prac- 
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tically 0 to 0.8 per cent. However, the numerical values of the hard. 
ness obtained were quite largely dependent upon the quenching tem. 
perature. In effect, the entire set of hardness curves (fig. 23) was 
shifted to lower values of hardness as the proportion of aluminuy 
was increased. 

Aluminum also adversely affected the performance of the high-speed 
steel tools both with shallow cuts and under heavy duty, as is shown 
in Figure 25. In fact, aluminum was one of the few metals consid. 
ered which, in small proportions around 0.3 per cent, produced 
measurable decrease in the cutting speeds in rough turning. This 
decrease became greater as the proportions of the aluminum we 
increased, and with 0.8 per cent the drop in the cutting speed was 
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Figure 24.—Effect of aluminum on the hardness of 
quenched and tempered high-speed steel 


Compositions of the steels are given in Table 2. 


greater than that produced by equal proportions of any of the other 
elements considered. 

Deleterious effects were observed with shallow cuts and fine 
feeds, but in this case the effects of the aluminum were about on 4 
par with those of arsenic and antimony and more marked than those 
of either tin or copper. 

The reasons for decrease in the hardness and the tool performance 
with increase in the aluminum have not been established, but the 
structures of the steels throw some light on this subject. 

The structure of one of the quenched and untempered high-speed 
steel tools containing about 0.8 per cent aluminum was, perhaps, 
the most illuminating since it showed characteristics somewhat similar 
to those described by Guillet for carbon steels. As is shown in Figure 
26, c, a large number of undissolved particles were found at the aus 
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Fiaure 26.—Structures of hardened high-speed steels containing 
different proportions of aluminum. X 750 


Samples oil quenched from 2,350° F. not tempered; etched with 2 per cent 
HiNQs in alcohol. 
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tenite grain boundaries, and the outer areas of the zones of concen- 
ration of these undissolved constituents were encircled by more 
darkly etched areas, perhaps representing a structure comparable to 
troostite. 

Such a large number of undissolved aggregates are not ordinarily 
found in the customary high-speed steels quenched from comparable 
temperatures (fig. 26, a) and must represent a decreased dissolving 
yower of the austenite (matrix) for one or more of the elements, car- 
bon, chromium, tungsten, and vanadium which constitute the key 
elements in the steels under consideration. 

In other words, the 0.8 per cent aluminum has decreased the solu- 
bility in the austenite of one or more of the elements mentioned and 
through the resultant precipitation has lowered the hardness and other 
useful properties of the steel. Along with this precipitation is evidence 
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Compositions of the tools and their heat treatment are given in Table 2; properties of the forgings 
are givenin Table 3. All tests were made dry. 
of the formation of low melting point eutectics (see arrow, fig. 26, c) 
which are only evident in the customary high-speed steels as cast or 
when overheated. Such partial melting is an added source of danger 
in high-speed. steel tools and probably contributed in a measurable 
degree to the poor performance described. 

The exact nature of the compounds and the low melting eutectics 
has not been determined, but the observed structures, hardness, tool 
performance, and poor hot working properties previously described 
clearly show the importance of guarding against the introduction of 
more than very small proportions of aluminum in high-speed tool 
steels. 

8. STEELS WITH TITANIUM 


| ‘So far titanium has not shown much promise as an alloying element 
| 'n steels and is now mainly used as one of a number of corrective 
| ‘gents (scavengers) in steel making, and in this latter field it seems 
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to combine most readily with oxygen and nitrogen. The present 
situation regarding the applications and effects of titanium in steg|s 
is about as described by Gillett and Mack,* as follows: 


The alloying effect of titanium seems to be negligible, its only use being as 4 
scavenger to remove oxygen and, perhaps, nitrogen. It seems to reduce segp. 
gation of carbon and of impurities. Some of the data cited by the advocates o 
titanium * to show its value as a scavenger lie well within the range of results 
obtained without it, and the proof of its usefulness is seldom clear-cut. 4 
thorough study ® of the deoxidation of rail steel by titanium and by silicon hag 
been made by the Bureau of Standards. This shows that the action of titaniyn 
in restraining segregation is definitely shown only in the top of the ingot; that 
the average mechnaical properties of the steel are not noticeably altered by 
titanium; and that the claim that the oxidation products of titanium do no 
remain in the steel is not in accord with the facts. 

Stoughton *° believes that titanium causes occluded oxidized materials whic) 
would cause inclusions to be more readily separated from the melt, and Giolitti# 
mentions the use of titanium and vanadium as having specific action in developing 
fine grain on heat treatment. Titanium probably serves a useful purpose as 4 
scavenger, but it has no place in a list of true alloying elements. 


According to recent studies by Tamaru,® titanium up to 4 per 
cent is in solid solution in the ferrite of carbon steels; it lowers the 
solubility of carbon in the austenite and accelerates graphitization, 
As the titanium in the steel was increased the carbon content of the 
eutectic decreased. 

True alloying of any appreciable amounts of titanium in steels is 


not readily accomplished. Ferrocarbon titanium ordinarily employed 
in titanium treated steels does not serve satisfactorily for such « 
purpose under ordinary manufacturing conditions, since the titanium 
carbides present in the ferro-alloy are not readily dissolved in the 
steel. Even with so-called carbon-free ferrotitanium favorable con- 
ditions were found to be necessary for a reasonably good recovery of 
the added titanium. 

In the five high-speed steels containing titanium, which are listed 
in Table 2, the titanium was added to and did not replace any portion 
of the elements ordinarily present. Three of these steels contained 
about the customary proportions of carbon, while two others were 
much higher in carbon content. 

With 0.6 to 0.8 per cent carbon and 0.4 per cent or less of titanium 
the hardness of the steels increased generally with increase in the 
quenching temperature in much the same manner as corresponding 





2” H. W. Gillett and E. L. Mack, Molybdenum, Cerium, and Related Alloy Steels, Chemical Catalog 
Co. (Inc.), New York; 1925. 

88 Titanium Alloy Manufacturing Co., Titanium, Its Effects on Steel. Booklet; 1919. Ferro-Carba 
Titanium in Steel Making. Booklet; 1916. 

2G. K. Burgess and G. W. Quick, A Comparison of the Deoxidation Effects of Titanium and Silico 
on the Properties of Rail Steel, B. 8. Tech. Paper No. 241; 1923. 

40 B, Stoughton, The Metallurgy of Iron and Steel, McGraw-Hill Book Co. (Inc.), p. 206; 1923. 

41 F, Giolitti, Steel Castings of High Strength and Toughness, Chem. Met. Eng., 24, p. 161; 1921. 

47K, Tamaru, On the Equilibrium Diagram of the System Iron-Carbon-Titanium, Sci. Repts. Toboi 
Imp. Univ., Series I, 15, No. 1, p. 25; March, 1925. 
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Figure 27.—Hardness of high-speed steels containing different propor- 
tions of titanium (and aluminum) when subjected to different heat 
treaiments 


Complete chemical compositions are reported in Table 2. 
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steels without titanium, but the effect of quenching temperature was 
more marked in the steel containing 0.4 per cent titanium than jy 
that with 0.24 percent. (Fig. 27.) 

With any one quenching temperature the hardness of the unte. 
pered samples decreased as the titanium was increased, and with 1.8; 
per cent titanium the steel would not harden when quenched from any 
temperature between 2,000 and 2,500° F. . 

When the carbon was raised from around 0.7 to 1.2 per cent and the 
titanium kept at around 1.8 per cent, the steel again hardened upon 
quenching, the hardness being dependent upon the quenching tem- 
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Ficure 28.—Effect of titanium (plus aluminum) on the cutting speed of high- 
speed steel tools under shallow cuts and under heavy duty 
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Compositions of the tools and their heat treatment are given in Table 2; properties of the forgings 
are given in Table 3. All tests were made dry. 


perature used. However, with comparable carbon (1.2 per cent) and 
less titanium (0.29 per cent) the hardness on quenching decreased 
with increase in the quenching temperature, probably indicating the 
retention of more austenite. When first quenched from 2,000° F., 
samples of this latter steel showed no rehardening on tempering (fig. 
27) as did the samples quenched from 2,300 to 2,500° F. 

These results are all shown graphically in Figure 27 and indicate 
that the hardness of the quenched steels was not solely a function o! 
the proportion of titanium but depended upon the relative amounts 
of titanium and carbon present. 
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Figure 29.—Structures of hardened high-speed steels containing different pro- 
portions of titantum (and aluminum) 
Compositions of the steels are given in Table 2; (a) and (d), etched with 5 per cent HNO; in alcohol; 


(0) and (e), unetched; (c) and (f), etched in boiling solution of K MnO, (4 g), NaQH (4 g) in 100 ml 
H20, Samples first oil quenched from 2,350° F. 
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Ficure 30.—Structure of one of the high-speed steels containing titanium as 
oil quenched from 2,350° F. 


Chemical composition is given in Table 2; (a), etched with 5 per cent HNO; in alcohol; (6), un- 
etched; (c), etched in boiling solution of KMn0Q, (4 g), NaOH (4 g) in 100 ml H20, 
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Digges 


The performance of the high-speed steel tools containing titanium 
and the customary proportions of carbon was disappointing. As is 
shown in Figure 28, the cutting speeds decreased both with shallow 
cuts and under heavy duty as the titanium was increased. The steel 
with about 0.7 per cent carbon and 1.8 per cent titanium which would 
‘not harden also failed to cut at the speeds used in the experiments. 
Tests at lower speeds might have resulted in a measurable duration 

of cut, but for all practical purposes the steel referred to did not have 
' cutting properties comparable to high-speed tool steels. 

When the carbon in the steels was raised to 1.2 per cent, increase in 
titanium from about 0.3 to 1.8 per cent resulted in improved per- 
formance both under shallow cuts and under heavy duty. However, 
the performance of tools of steel E96 may not be characteristic of the 
reported composition for reasons later explained, but in no case did 
the steels containing titanium give as good performance as the high- 
speed steels of customary composition without titanium. 

It should be noted that increase in the proportions of titanium re- 
sulted in an increase in the proportions of aluminum in the high-speed 
steels. Aluminum has already been shown to have a highly dele- 
terious effect upon the performance of high-speed steel tools, and there- 
| fore the changes in the cutting speeds shown in Figure 28 can not be 
ascribed entirely to titanium. 

‘he reductions in the cutting speeds produced by the different pro- 
portions of aluminum found in the titanium high-speed steels can be 
estimated from data given in Figure 25, and if these reductions in the 
cutting speed are subtracted from those produced by titanium plus 
aluminum given in Figure 28 the effects of titanium alone can be esti- 
mated. These calculations are incorporated in Table 15 and show 
| that appreciable proportions of titanium exerted a highly deleterious 
effect upon the cutting speeds, both with shallow cuts and under heavy 
duty except in the case of the two high-carbon steels. 

While the effects of titanium alone, as given in Table 15, are smaller 
than those shown in Figure 28, the estimated corrections for alumi- 
' num did not change the general trends shown in Figure 28. 
| All of the titanium steels contained characteristic pink or orange 

colored titanium inclusions, probably nitrides or cyanonitrides. 
(Figs. 29(b), 29(c), 30(6), 31(6), and 31(c).) The structure shown in 
ligure 80(a) for steel E87, which could not be hardened appreciably 
by heat treatment, is probably a solid solution of alpha iron, titanium, 
and aluminum plus a large number of carbides, tungstides, titanium 
inclusions and possibly other undissolved particles. 
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TaBLE 15.—Effecis of titanium in high-speed tool steels estimated from data give, 
in Figures 25 and 28 
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1 For complete composition and heat treatment of the tools see Table 2Z. 
2 For 90-minute tool life under the conditions indicated in Figures 25 and 28. 
§ Would not cut. 


As the titanium content of the steels was increased, the number 
of undissolved particles also increased, as is shown in Figures 29 (c), 
29 (f), and 30 (c) for the steels containing 0.6 to 0.8 per cent carbon 
and in Figures 31 (c) and 31 (f) for the steels containing 1.2 per cent 
carbon. The darkened patches between the grains in the etched 
sample of steel E101, shown in Figure 31(d), are probably due to the 
aluminum present and resemble features shown in Figure 26 (c) for 
high-speed steel containing about 0.8 per cent aluminum without 
titanium. 

The structures shown in Figures 29, 30, and 31 indicate that tite- 
nium decreases the dissolving capacity of the austenite for the elements 
which ordinarily are responsible for the characteristic properties of 
high-speed steels through their solution at bigh hardening ten- 
peratures. 

However, titanium is known to form carbides very readily, and in 
the presence of varying amounts of carbon different effects may be 
produced. In the presence of high carbon the titanium will prob- 
ably first form carbides, and any titanium remaining may then go 
directly into solution in the iron. This, of course, assumes that 
there is an excess of titanium available. In the high-speed steel 
containing 1.2 per cent carbon and 1.8 per cent titanium (E101) 
the high carbon restored the ability of the steel to harden upon 
quenching and gave a tool performance nearly equa! to that of high- 
speed steels of customary composition. However, these benefits 
were probably not derived from any useful alloving effects of tite- 
nium, but probably were produced by putting the titanium in a les 
harmful condition, (carbides instead of solution in the iron), so that 
the chromium, tungsten, and vanadium could act in their normal 
manner. 
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Digges 


The low cutting speed of the high carbon high-speed steel tools 
containing only 0.29 per cent titanium can not be explained at this 
time but was probably due either to the high carbon in the absence 
of appreciable amounts of titanium or to peculiarities of the par- 
ticular heat from which the tools were prepared. The recovery of 
titanium in this steel was low, its working properties were poor (fig. 
17), and, as has.already been pointed out, it probably had areas of 
segregation. 

Titanium may, therefore, be considered to be an undesirable addi- 
tion to the customary high-speed steel compositions since it decreases 
the dissolving power of the austenite for those compounds which 
must be brought into solution to produce the properties character- 
istic of ordinary high-speed steels. Its interference is lessened, 
probably through the formation of less harmful carbides (instead of 
solution as titanium in the austenite), by increasing the carbon con- 
tent of the steel. The amount of carbon required will probably 
vary with the titanium content and was in the neighborhood of 1.2 
per cent carbon for 1.8 per cent titanium. 


9. STEELS WITH TANTALUM 


During the year 1924, while a study was being made of the chemi- 
cal composition of heavy-duty lathe tools, rumors were received that 
promising results were being obtained in England with high-speed 
steels containing tantalum. While no details were available and no 
performance records could be obtained at that time, a number of 
experimental steels were made containing different proportions of 
tantalum and tested in comparison with high-speed steels of custom- 
ary composition. The tests were made with deep cuts and coarse 
feeds, but more recently the same steels were tested under shallow 
cuts and fine feeds, and a summary of all of the results is now given 
for the first time. 

A report of the preliminary experiments was made in 1925,* and 
discussion of the results brought to light some further information on 
tantalum in tool steels. One British metallurgist reported “ that he 
had made a series of steels presumably with 0.6 per cent carbon, some 
chromium, and from 1 to 6 per cent tantalum. The steel with 6 
per cent tantalum showed properties somewhat similar to the ‘‘red 
hardness” of ordinary high-speed tool steels. In further work, a 
steel containing about 6 per cent tungsten and 6 per cent tantalum 
was said to have had about 75 per cent cutting “efficiency” in com- 
parison with the usual tungsten steels. 





® See footnote 24, p. 863. 
“ Private communication. 
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J. P. Gill*® reported that during the years 1920-21 the firm wit) 
which he was associated had spent some time in a study of tantalyy 
in high-speed tool steels. He stated that— 
this company probably made up as many as 100 different composition high-speeq 
steels containing tantalum, tungsten, chromium, vanadium, and cobalt. Someot 
the heats made were as large as 7,000 pounds. Lathe tests were run, many 
physical tests were made, and it was found that several of the steels compared 
favorably with some of the regular high-speed steels in commercial use to-day, 
but these steels were no better than the same steels without tantalum. We did 
not find any steels that were better than the regular high-speed steels. Many 
things were learned in regard to the use of tantalum. The manner of introducing 
the tantalum:into the steel and the form of the tantalum in the alloy apparently 
affected the results. The tantalum steels were found to be very dirty and full of 
oxides even when melted under the best of conditions. Even in view of this 
fact, however, the tantalum steels seemed to be tougher than the standard types 
of high-speed steel. 

Studies of tantalum in carbon steels have been reported by Guillet,* 
Portevin,” and others,* but these investigations do not throw much 
light upon the subject under discussion. Apparently tantalum up to 
at least 8 per cent in iron-carbon alloys is in solution in the ferrite, 
and with carbon up to 0.6 per cent the steels are pearlitic on normal 
slow cooling and martensitic after quenching. The effects of tanta- 
lum on steels which are suitable for cutting tools are not generally 
known, although a few patents, typified by that granted to F. 7, 
McCurdy,® indicate that tantalum may be useful in this field. 

The seven steels containing tantalum that were tested fall into 
three classes. Steel E23 (Table 2) is a chromium-tantalum steel 
similar to one previously mentioned as having been made experi- 
mentally in England. Steel E42 is a chromium-tungsten-vanadium 
steel in which about 6 per cent of tungsten was replaced by 6 per cent 
of tantalum. The steels E43, E44, and E16 contained the usual 
proportions of special elements except that the vanadium was re- 
placed by different proportions of tantalum. The results obtained 
with these three steels suggested that increased carbon might improve 
the properties, and accordingly two similar steels were made, E45 
and E100 (Table 2), with 0.9 and 1.4 per cent carbon, respectively. 

A study was first made of the hardness of the different steels after 
different heat treatments and developed some interesting character- 
istics. There was no evidence of rehardening on tempering of the 
chromium-tantalum steel E23, as is shown in Figure 32. 





45 Discussion of the report referred to in footnote 24, p. 863. 

 L. Guillet, Sur les proprietes et la constitution des aciers au tantale, Comptes Rendus, 145, p. 327; 1907. 

7 A, M. Portevin, Contribution to the Study of the Special Ternary Steels, Carnegie Scholarship 
Memoirs, 1, p. 230; 1919. 

48 An Investigation of Tantalum Steels (for G. G. Blackwell Sons & Co. (Ltd.), Liverpool, England) 
The Iron & Coal Trades Rev., 78, p. 933; 1909. 

United States patent 1449338, Mar. 20, 1923. 
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liagurE 31.—Structures of hardened high-speed steels containing about 1.2 per 
cent C and different proportions of titanium (and aluminum) 
Compositions of the steels are given in Table 2; (a) and (d), etched with 5 per cent HNO; in aleohok-—~ 
(b) and (e), unetched; (c) and (f), etched in boiling solution of K MnO, (4g), NaOH (4 g) in 100m 
H3;0,. Samples first oil quenched from 2,350° F, 
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Figure 33.—Structures of the chromium-tantalum steel and the chromium- 
tungsten-tantalum-vanadium steel as oil quenched from 2,350° F. 
Compositions of the steels are given in Table 2; (a) and (d), etched with 5 per cent HNOs in alcohol; 


(b) and (e), unetched; (c) and (/), etched in boiling solution of KMn0, (4 g), NaOH (4g) in 100 ml 
H,0. 
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liacurE 32.—Hardness of some of the high-speed steels containing different 
proportions of tantalum (+columbium) when subjected to different heat 
treaiments 
Compositions of the steels are givenin Table2. Quenching temperatures are shown in the body 
of the chart. 
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The hardened samples appeared to be predominately martensit, 
with some undissolved particles, probably chromium carbides, as j; 
shown in Figures 33 (a), (b), and (c). Steel E42 would not harde, 
appreciably under any of the heat treatments employed. They 
included oil and water quenching from temperatures varying fro 
1,500° to 2,500° F., followed by tempering at different temperatures 
up to 1,400° F. for periods up to 195 hours. The long-time tempering 
was carried out to ascertain whether any precipitation hardening 
would occur. The structure of this steel when quenched from 2,35, 
F. into oil is shown in Figures 33 (d), (e), and (f), and comprised g 
large number of undissolved particles, probably carbides and tung. 
stides, in a matrix of alpha iron (Rockwell C hardness about 27) 
presumably containing tantalum in solid solution. 

The hardness of the steels containing the usual proportions of 
carbon, chromium, and tungsten (low tungsten-high vanadium steels 
was not greatly affected under different heat treatments by 0.75 per 
cent or less of tantalum, except that the maximum rehardening oy 
tempering occurred at about 1,000° to 1,050° F. instead of at 1,100? 
F., and that the hardness of the tempered samples did not quite 
equal the highest hardness produced in the untempered samples, 
Also in the untempered samples the hardness tended to decrease with 
increase in quenching temperature. (Fig. 34.) With 5 per cent 
tantalum the hardness was less than that of the high-speed steels of 
customary composition when subjected to comparable heat treatments 
and the hardness was more largely dependent upon the quenching 
temperature. 

As is shown in Figure 35, the number of undissolved particles 
increased with increase in the tantalum. This was probably not 
due to any combination of tantalum and carbon but to a decrease 
in the dissolving power of the austenite for the chromium and tungsten 
carbides, or tungstides, produced by the tantalum in solution in the 
iron. 

The hardness and the structures (figs. 32 and 36) of the chromiun 
tungsten tantalum steel E45 containing 0.9 per cent carbon wer 
approximately the same as those of the chromium tungsten tantalum 
steels with 0.6 to 0.7 per cent carbon. 

Perhaps the most interesting of the steels containing tantalum in 
addition to the customary amounts of chromium and tungsten was 
the one containing 1.4 per cent carbon. (E100, Table 2.) As is 
shown in Figure 32, this steel had a Rockwell C scale hardness of only 
about 36 when oil quenched from temperatures between 2,200° and 
2,500° F. When hardened from a lower temperature, 2,000° F., its 
hardness was about 56 and was not appreciably changed upon sub- 
sequent tempering at temperatures up to 1,100° F. 
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The samples which did not harden when oil quenched from 2,200° 
»2,500° F. did not harden appreciably when subsequently tempered 
6, temperatures up to 1,000° F., but with increase in tempering 
emperature to 1,100° F. showed a surprisingly large increase in the 
ardness. This increase on the Rockwell C scale was from about 
40 to 62, a difference of 22 points. The untempered samples showed 
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Fiaure 34.—Hardness of some of the high-speed steels containing different 
proportions of tantalum (+columbium) when subjected to different heat 
treatments Ei 

Compositions of the steels are given in Table 2. 


an austenitic matrix with numerous undissolved particles at the 
austenite grain boundaries, as is shown in Figures 36 (d), (e), and (f). 

None of the steels containing tantalum showed as good performance 
as the high-speed steels of customary compositions, either with shal- 
low cuts and fine feeds or under heavy duty. Steel E42, which would 
not harden, also failed to cut. Likewise, the chromium-tantalum 
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steel E23 did not show cutting properties comparable to those of th, 
ordinary high-speed steels. The results of the lathe tests with thes 
steels are summarized in Table 16. 


TABLE 16.—Summary of the lathe tests on some of the steels containing tantalun 
(+ columbium) 


TESTS WITH SHALLOW CUTS (0.010 INCH DEPTH, 0.0115 IN./REV. FEED, 350 FT/MIv 
SPEED) ; 





Chemical composition * 
Oil Num- Cutting 
ieee ber of Average | Speed for 
ot ins tools tool life |90-minut 
tested | tool life 
| 


oF, oF. Minutes | Ft.) mir 
2, 350 1, 100 

2, 350 650 
(2) (?) 

2, 350 1, 000 























(46 INCH DEPTH, 0.028 IN./REV. FEED, 85 





75 | 1.99 |....__- 2, 350 
OO A ea I eS 2, 400 
4 1. 58 3. 05 (*) 
2 1 2, 350 





{ 2,200 
-10 1.10 |}{ 2,300 
i{ 2,400 


| 


1 Computed from average tool life by means of equation (1) of the text with n= po for shallow cuts an¢ 
n= ' for deep cuts. 

2 Would not harden. 

’ Tests made at 75 feet per minute. 














The high carbon, chromium-tungsten-tantalum steel E100 (Table 2) 
which showed the very large increase in hardness when tempered at 
1,100° F. after quenching from high temperatures, failed to show any 
promise for lathe tools for either shallow cuts or heavy duty. Asis 
shown in Table 16, the tools failed in less than one minute, whereas 
the high-speed steels of customary composition cut for periods of 1( 
to 22 minutes under comparable conditions. The best tool life (3.4 
minutes) in rough turning was obtained when steel E100 was oll 
quenched from 2,400° F. and subsequently tempered at 1,100° F. 

The four high-speed steels containing 0.6 to 0.9 per cent carbon, in 
which the 2 per cent vanadium was replaced by different proportions 
tantalum, gave the best tool performance of any of the steels con- 
taining tantalum, but in no case was this as good as the performance 
of the customary chromium-tungsten-vanadium steel. As is shown 
in Figure 37, the cutting speeds of the chromium-tungsten-tantalum 
steels decreased with increase in the proportion of tantalum. 

Tantalum does not appear to be promising as a substitute for 
vanadium or as an alloying element in the customary chromiuii- 
tungsten high-speed steels for lathe tools. It acted in a manner 
similar to aluminum and titanium in that it appeared to decrease 
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ase Ficure 35.—Structures of two of the chromium-tungsten-tantalum steels as oil 
quenched from 2,350° F. 


Compositions of the steels are given in Table 2; (a) and (d), etched with 5 per cent HNO; in alcohol; 
and (e), unetched; (c) and (f), etched in boiling solution of KMn0, (4 g), NaOH (4g) in 100ml 
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Figure 36.—Structures of two of the high-carbon steels containing chromium, as 
tungsten, and tantalum when oil quenched from 2,350° F. 








Compositions of the steels are given in Table 2; (a) and (d), etched with 5 per cent HNO; in alcoho . 
(b) and (e), unetched; (c) and (f), etched in boiling solution of KMnQ, (4g), NaOH (4g) in 100 ml 
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Digges 


the dissolving power of the austenite for the chromium and tungsten 
compounds and so decreased the hardness and cutting speeds of the 
quenched lathe tools. 


10. STEELS WITH HIGH PHOSPHORUS OR SULPHUR 


Phosphorus and sulphur are present in varying proportions in all 
‘commercial steels, and therefore it seemed desirable to determine 
their effects upon lathe-tool performance in connection with the study 
of impurities in high-speed steels for shallow cuts, already described. 
Furthermore, relatively large proportions of phosphorus or sulphur 
were inadvertently introduced, through one of the lots of ferrovana- 
dium, into some of the high-speed steels containing nickel or cobalt, 
and it became impracticable to interpret the results of the lathe tests 


SHALLOW CUTS AND FINE FEEDS HEAVY DUTY 
FEED 0.0115 IN./REV-DEPTH 0.010 IN. a FEED 0.028 IN./REV.-DEPTH 0.1875 IN. 
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TANTALUM (+COLUMBIUM)—PER CENT 
FicurE 37.—Effect of tantalum (+-columbium) on the cutting speed of high- 
speed steel tools under shallow cuts and under heavy duty 


Compositions of the tools and their heat treatment are given in Table 2; properties of the forgings 
are givenin Table 3. All tests were made dry. 


with these steels without information on the effects of the phos- 
phorus and sulphur present. 

As a result of their extended experiments with roughing tools, 
Taylor and coworkers © came to the conclusion— 
that high phosphorus and sulphur are much less injurious to high-speed tools 
than they were to the carbon tools. However, these elements still exert a some- 
what injurious influence upon the steel, and we therefore recommend, inasmuch 
és the presence of chromium and tungsten in large quantities necessarily render 
high-speed tools very expensive, that the best qualities of low phosphorus and 
low sulphur iron should be used in their manufacture. 


These views have received the support of a majority of the American 
manufacturers of high-speed tool steels, as is shown by the results 





Ff. W. Taylor, On the Art of Cutting Metals, Trans. Am. Soc. Mech. Engrs., 28, par. 1087, p. 219; 1907. 
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of a survey made during 1922 * of 66 lots representing 39 commereia| 
brands on the American market. The average proportions of phos. 
phorus and sulphur were 0.023 and 0.027 per cent, respectively, while 
the ranges were 0.004 to 0.051 per cent phosphorus and 0.009 
0.061 per cent sulphur. 

Comparison of the results in Figure 38 with those for steel E97 
in Figure 23 shows that the Rockwell hardness of the high-speed stee|s 
was not appreciably affected by 0.058 per cent added phosphorus o; 
0.215 per cent added sulphur. However, the high-sulphur steej; 
showed a large number of sulphide inclusions (figs. 39 (a) and (}), 
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Ficure 38.—Hardness of the high-speed steels ‘containing high phosphorus 
or high sulphur when subjected to different heat treatments 





























Compositions of the steels are given in Table 2. 


and 40), and there was evidence of phosphide-rich areas in the steel 
with 0.058 per cent phosphorus (fig. 39 (c) ). 

The sulphide inclusions in the chromium-tungsten-vanadium steels 
were probably sulphides of both manganese and iron, since the 0.3! 
per cent manganese in steel E133 is not sufficient to take care of all 
of the 0.215 per cent sulphur. Similar sulphide inclusions were 
found in the high-sulphur high-speed steels containing nickel, 
although they did not have as smooth boundaries as in the steels 
without nickel and were interspersed with or broken up by white 
constituents, presumably the carbides and tungstides. It is possible 





‘tH. J. French and Jerome Strauss, Lathe Breakdown Tests of Some Modern High-Speed Tool Steels, 
B. 8. Tech. Paper No, 228; 1923, 
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Figure 39.—Structures of hardened high-speed steels containing high 
phosphorus or high sulphur. X 500 


Samples oi] quenched from 2,350° F., not tempered; (a), unetched; (6), etched with 5 
per cent HNO; in alcohol; (c), etched with Stead’s reagent. 
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Figure 40.—Structures of hardened high-speed steel containing 334 
per cent nickel and high phosphorus and sulphur. 500 


Samples oil quenched from 2,350° F., not tempered; (a), etched with 5 per cent 
HNQ; in alcohol; (0), etched with 2 per cent HF in water. 
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that some of the sulphur has combined with the nickel in the high- 
speed steels containing this latter element, but definite evidence is 
lacking that this is so, and the significance, if any, of these differ- 
ences in structural characteristics is not now apparent. The feature 
of principal interest is that evidence was obtained in the lathe tests 
that high sulphur was somewhat more detrimental in the high-speed 
steels with nickel than in those without. 

In the lathe tests under heavy duty and also those under shallow 
cuts (summarized in fig. 41) the steel with 0.058 per cent phosphorus 
(E131, Table 2) and the steels with 0.135 and 0.215 per cent sulphur 
showed comparable performance to the steels with much lower 
proportions of these elements (E129 and E97). Similarly, a cobalt 
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Ficure 41.—Effects of phosphorus and sulphur on the cutting speeds of 
high-speed steel tools under shallow cuts and under heavy duty 


Compositions of the tools and their heat treatments are given in Table 2; properties of the forgings 
are given in Table 3. All tests were made dry. 

high-speed steel with both high phosphorus and high sulphur (E15) 
had a cutting speed equal to that of a similar steel with low phos- 
phorus and sulphur (steel A, Table 2). On the other hand, the 
nickel-bearing high-speed steel with 0.057 per cent phosphorus and 
0.125 per cent sulphur, had a lower cutting speed than a similar steel 
with about 0.02 per cent of each of these elements. 

It may, therefore, be said that phosphorus up to about 0.06 per 
cent and sulphur up to 0.215 per cent do not appear to be injurious, 
from the viewpoint of lathe tool performance, when present individu- 
ally or together, in the customary chromium-tungsten-vanadium steels, 
with or without cobalt. However, high sulphur tended to lower the 
cutting speeds in the presence of nickel. 

77886 ° —29——_5 
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Because of the possibility of segregation of the phosphorus and 
the introduction of numerous sulphide inclusions in high-sulphur 
steels these two elements may react disadvantageously by promoting 
Jack of uniformity and localized weaknesses. Therefore, they cay 
advisably be kept within low limits for all high-speed steel lathe tools. 


11. STEELS WITH NICKEL 


The close proximity of nickel and cobalt in the periodic system of 
the elements and recognition of the benefits derived from cobalt has 
frequently raised the question of substituting nickel for cobalt in 
high-speed tool steels. 

Previously reported tests with roughing tools *? showed that the 
addition of about 3% per cent of nickel to the customary chromium- 
tungsten-vanadium steels produced effects similar to those from like 
amounts of cobalt. However, somewhat higher temperatures had 
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Fiagure 42.—Effects of sulphur on the cutting speeds of high-speed steel tools 


containing nickel or cobalt when tested under shallow cuts and also under 
heavy duty 


Compositions of the tools and their heat treatments are given in Table 2; properties of the forgings 
are given in Table 3. All tests were made dry. 

to be used in hardening the nickel steels than in the steels without 
nickel to produce the best tool performance, and in this respect nickel 
and cobalt acted similarly. On the other hand, it was more difficult 
to put the high-speed steels with nickel into a machinable condition 
than it was with steels containing cobalt or steels without nickel or 
cobalt, unless an adjustment was made in the carbon content. With 
decrease in carbon from 0.6 or 0.7 to 0.5 per cent, the steels with 
nickel could themselves be readily machined while the tool perform- 
ance under heavy duty remained substantially the same. 

Thése tests were all] made under heavy duty, and two of the nickel 
steels contained high phosphorus or sulphur, or both. For this 
reason the rough turning tests were repeated on steels containing low 
proportions of phosphorus and sulphur, and the results are included 
in Table 17 with those obtained under shallow cuts and fine feeds. 


52H, J. French and T. G. Digges, Experiments with Nickel, Tantalum, Cobalt, and Molybdenum in 
High-Speed Steels, Trans. Am. Soc. Steel Treat., 8, p. 861; 1225. 
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The results in Table 17 show that the addition of 3% per cent of 
nickel to the customary chromium-tungsten-vanadium steels was 
beneficial for the rough turning tools but detrimental to the tools 
used under shallow cuts and fine feeds. 

In the rough turning tools the addition of nickel, together with g 
50° F. increase in the quenching temperature, produced an appre- 
ciable improvement in the performance of the high-speed steels, but 
the same tools were not as good under shallow cuts as the tools free 
from nickel which were hardened at lower temperatures. 

The fact already mentioned that the high-speed steels with nickel 
could not themselves be readily machined, even’ after prolonged 
annealing, suggested lowering the carbon content from around 0.6 
or 0.7 to 0.5 per cent. This did not affect the performance of the 
roughing tools appreciably, as is shown in Table 17, but was detri- 
mental in the tools used under shallow cuts. 


XI. SUMMARY AND CONCLUSIONS 


1. A method is described for testing lathe tools under shallow cuts 
and fine feeds. It is based upon the fact that when two tools are set 
at equal depths in one tool holder the second or “trailing” tool will 
not cut so long as the “leader” or cutting tool shows no wear. With 
the carbon and high-speed steel tools used, the second tool began to 
cut when the leader had worn 0.001 to 0.002 inch, and at this point 
the leader or test tool was considered to have failed. All subsequent 
comments on turning with shallow cuts and fine feeds are based on 
this end point, but greater wear can be made to represent tool failure 
by using a shallower setting for the second tool than for the cutting 
tool. 

2. Tests were made dry at different cutting speeds, feeds, and 
depths of cut on nickel steel forgings with tensile strengths of 80,000 
to 100,000 Ibs./in.? to give a broad background for the interpreta- 
tion of the results of tests of different tool steels, first heat treated in 
various ways. The results could be represented approximately by 
the following equations, in which V is the cutting speed, 7 the tool 
life, F the feed, D the depth of cut, A the area of cut (=DF), ¢, £, 
K,, Kz, and n are constants. 

For high-speed steel tools 

VT*=c (1) 


V=K,— K, (DF)=K,—K,A (2) 


For carbon steel tools 


i in 
Se. 3 
V=rP=a (3) 


These equations are not to be construed to represent the true laws 
of cutting, since the cutting speed is probably not affected equally by 
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variations in the feed and the depth of cut. However, they represent 
approximately the results of the experiments made with the depths of 
cut of 0.005 to 0.020 inch and feeds of 0.0115 to 0.0204 in./rev. 

3. In the tests of short duration, where tool failure occurred in 
about 2 to 10 minutes, the tool life was increased somewhat more by 
the use of water than by lard oil, but in tests of about 50 minutes 
duration, under the same feed and depth of cut but lower cutting 
speeds, these two liquids produced effects of the same magnitude. 
The increases in tool life from the use of these liquids were not large 
in any case, but the finish on the work piece at the end of the cut was 
better with the liquids than without. 

4, Tests with tools of different forms and angles showed that the 

successful application of the described method of test was not de- 
pendent upon having the broad-nose tool used in a majority of the 
experiments. ‘Tools with a plan angle of 65° had a longer life than 
the broad-nose tools, but the finish produced on the nickel steels in 
dry turning did not appear to be as good. The best tool life with 
the broad-nose tools was obtained with a back slope of 30°; a side 
slope of 0° was better than 8°. 
5. The cutting speed of quenched carbon steel tools was not 
affected appreciably by variations in carbon content from 0.75 to 1.3 
per cent nor by subsequent tempering at temperatures up to 375° F., 
which did not lower the hardness; the cutting speed of the carbon 
steel tools was equal approximately to that of a quenched ‘“‘oil 
hardening” tool steel and only slightly lower than the cutting speed 
of a steel containing 1.3 per cent carbon and 2% per cent tungsten. 

6. The cutting speed of carbon steel tools was lower in all cases than 
that of high-speed steel tools, but the differences between the two de- 
creased with decrease in the areas of cut in dry turning. 

7. The heat treatments which resulted in the best roughing tool 
performance for high-speed steels of customary compositions also 
resulted in superior performance under shallow cuts and fine feeds. 
These treatments comprised oil quenching from the highest practical 
temperatures followed by tempering to convert the larger part of 
the retained austenite to martensite. 

8. Of 12 elements added in different proportions to chromium- 
tungsten or chromium-tungsten-vanadium high-speed steels only 
one—cobalt—produced decidedly beneficial results. Molybdenum 
and nickel offered promise under certain conditions, while the re- 
mainder either had a negligible effect or were definitely deleterious 
10m one viewpoint or another. 

9. Cobalt improved the performance of the high-speed steel tools 
both under shallow cuts and under heavy duty, but the maximum 
benefits were obtained only with high hardening temperatures. The 
percentage gain from the addition of cobalt was somewhat greater 
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in rough turning than with shallow cuts and fine feeds, but increase 
in cobalt above about 5 per cent did not produce improvements 
commensurate with those resulting from 3.5 to 5 per cent and high 
hardening temperatures. ; 

10. Replacement of part or all of the tungsten in high-speed steels 
by molybdenum, in the ratio of 1 part molybdenum to 2% parts of 
tungsten, produced steels having performance comparable to that of 
the tungsten steels. Such substitution should be useful in case of 
a depleted tungsten supply but is not advocated at the present time, 
since there was some evidence of irregular performance in the high 
molybdenum steels, and their hot working properties did not seem 
to be as good as those of the tungsten steels. However, a steel with 
7 per cent molybdenum and no tungsten had one advantage over 
the tungsten steels for roughing tools in that its hardness and per- 
formance were not so largely affected by variations in the hardening 
temperatures. 

11. The addition of 3% percent of nickel to the customary chromium- 
tungsten-vanadium steels was beneficial for the rough turning tools, 
particularly when combined with a 50° F. increase in the hardening 
temperatures, but was detrimental to the tools used under shallow 
cuts and fine feeds and adversely affected the machining properties 
of the high-speed steel itself. Lowering the carbon from 0.6 or 0.7 to 
0.5 per cent improved the machining properties without affecting 
the performance of the roughing tools but was detrimental to the 
tools used under shallow cuts. 

12. Each of the four elements—arsenic, antimony, copper, and 
tin—adversely affected the tool performance of high-speed steels 
under shallow cuts, and the magnitude of the decrease became greater 
as the proportions of these elements increased. Copper was the least 
harmful; next in order came tin, while arsenic and antimony were the 
most objectionable. 

13. The effects of these four elements upon the performance of 
roughing tools did not necessarily correspond to those observed with 
shallow cuts. The 0.8 per cent arsenic addition lowered the cutting 
speed, but the addition of 0.4 per cent antimony or 0.5 per cent or 
less of tin had no measurable effect. Higher proportions of tin 
lowered the cutting speeds. The high-speed steels containing 0.36 
to 1.77 per cent copper showed slightly better performance than the 
corresponding steels without copper. 

14. The steels containing 0.4 per cent antimony, 0.8 per cent or 
more of copper, or 0.8 per cent arsenic did not have good hot working 
properties, (illustrated by numerous corner cracks on the bars), while 
those containing 1.7 per cent antimony or 1.8 per cent tin showed @ 
high degree of hot shortness and could not be forged or rolled. Also, 
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the steel with 1.77 per cent copper could itself be machined only with 
difficulty in the annealed condition. 

15. Phosphorus up to about 0.06 per cent and sulphur up to 0.215 
per cent did not appear to be injurious, from the viewpoint of lathe- 
tool performance of the customary chronium-tungsten-vanadium 
steels, with or without cobalt. However, high sulphur tended to 
lower the cutting speeds in the presence of 3% per cent nickel. Be- 
cause of the possibility of segregation of the phosphorus and the intro- 
duction of numerous sulphide inclusions in high-sulphur steels these 
two elements can advisedly be kept within low limits for all high- 
speed steel lathe tools. 

16. Aluminum adversely affected the performance of the high-speed 
steel tools both with shallow cuts and under heavy duty. It was one 
of the few metals considered which, in proportions around 0.3 per 
cent, produced a measurable decrease in the cutting speeds in rough 
turning. This decrease became greater as the proportion of the 
aluminum was increased, and with 0.8 per cent the drop in cutting 
speed was greater than that produced by equal proportions of any of 
the other elements considered. These changes were accompanied by 
decrease in the hardness of the quenched steels probably through 
decrease in the dissolving capacity of the aluminum-iron solid solution 
for carbon, chromium, tungsten, and vanadium. With 0.8 per cent 
aluminum there was also evidence of a low melting eutectic in sam- 
ples quenched from 2,350° F. 

17. Titanium was another of the elements which appeared to lower 
the dissolving capacity of the austenite, and as a result the hardness 
and the cutting speeds of the high-speed steel tools decreased with 
increase in the titanium. Its interference was lessened, probably 
through the formation of less harmful carbides, instead of solution as 
titanium in the austenite, by increasing the carbon content of the 
steel. 

18. Tantalum did not appear to be promising as a substitute for 
vanadium or as an alloying element in the customary chromium- 
tungsten high-speed steels for lathe tools. It acted in a manner 
similar to aluminum and titanium in that it appeared to decrease the 
dissolving power of the austenite for the chromium and tungsten com- 
pounds and so decreased the hardness and cutting speeds of the 
quenched lathe tools. 
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FURTHER EXPERIMENTAL PRODUCTION OF CURRENCY 
PAPER IN THE BUREAU OF STANDARDS PAPER MILL? 


By Merle B. Shaw and George W. Bicking 


ABSTRACT 


The work continues the investigation to improve the durability of United 
States currency paper previously reported in Technologic Paper No. 329. The 
wear-resistant quality of currency paper was very much increased as a result of 
the experimental tests described in the earlier publication, but additional study 
of the paper-manufacturing processes with a view to further prolonging the service 
life of the currency was subsequently requested. The research was conducted | 
in cooperation with the Bureau of Efficiency and the Bureau of Engraving and 
Printing. 

The study included the use of caustic soda as compared with lime for cooking 
the rags, the effect of variation in the fiber composition of the paper, the effect 
of modifications in the beating process, determination of optimum surface-sizing 
conditions for best printing results, and printing tests on the finished experimental 
papers 

The data showed that either lime or caustic soda is satisfactory as the digesting 
agent in the cooking process. Fiber mixtures of 75 per cent linen and 25 per cent 
cotton gave the best paper for currency use, although paper made from equal 
proportions of these fibers was of very good quality. Gradual application of 
roll pressure in the beating process was found to be essential to best results. 
Formaldehyde proved better than alum as glue preservative in the surface-sizing 
bath. 

Comparative tests of commercial manufacturing procedure and bureau practice 
were made at the request of manufacturers desiring to produce paper of the type 
developed in the investigation. The experimental procedure gave equally good 
results with commercial equipment, and paper of similar quality is now being 
made commercially. 

Description of the manufacturing procedure, tables of experimental data, and 
discussion of the results are included in the publication. 
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I. INTRODUCTION AND RESUME OF PREVIOUS WORK 


Results of research on the production of currency paper in the 
Bureau of Standards experimental paper mill were published previ- 
ously in Technologic Paper No. 329,? issued October, 1926. The 
present publication relates to a continuation of the study and is 
supplementary to the earlier work. 

The previous publication dealt with various proportions of linen 
and cotton paper-making fibers and a study of the paper-making 
processes. Lime was the cooking chemical employed in the pulping 
operation. Conclusions as to the fiber composition and the paper- 
making procedure found to yield the most satisfactory paper were 
included in the publication. 

The paper produced in the experimental tests was of good printing 
quality and of much greater strength than that in use when the 
investigation was initiated. The experimental procedure was applied 
in commercial production with such satisfactory results that the 
Treasury Department consequently revised the contract specifica- 
tions. Currency paper of more than double the strength previously 
specified was subsequently delivered, without increase in cost to the 
Government or to the manufacturing contractor. Statistics of the 
Treasury Department show that as a result of the research the average 
service life of paper currency was increased about 40 per cent. 

The principal factor in the improvement of the durability of the 
paper was the manner and duration of the beating treatment accorded 
the fibers in the manufacturing process. Full details of the beating 





? Publication may be obtained from the Superintendent of Documents, Government Printing Office, 
Washington, D.C. Price, 10 cents. 
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procedure developed and recommended were included in Technologic 
Paper No. 329. 

There seems to have been no demand previously for commercial 
paper of such high fiber strength as that made experimentally at the 
bureau in the investigation. Since the completion of the work 
described in the earlier publication, however, a number of fine-paper 
manufacturers have become interested in its production and have 
cooperated with the bureau in the later investigative work to develop 
this type of paper for various commercial uses. The results reported 
in this and in the previous paper are considered, therefore, to be of 
value in the manufacture of fine rag papers in general, as the processes 
developed appear to be applicable to several types of commercial 
papers, particularly bonds and ledgers. 

The present report gives the results of comparative study of com- 
mercial manufacturing operations and bureau practice; further 
experimental study of the beating procedure with the fiber mixture 
specified for currency paper; the use of other combinations of these 
fibers; the use of caustic soda, as compared with lime, for cooking 
the rags; and tests to establish the best procedure for surface-sizing 
the paper-machine product. 

Since the methods and theoretical considerations were, to a large 
extent, the same as those described in the preceding publication, the 
present article will be limited, in general, to the essential respects in 
which the work deviated from that described before, and to a state- 
ment of the results obtained. 


II. PAPER-MAKING FIBER USED 


It was not considered expedient when starting the investigation to 
outline the complete program, and, consequently, the raw materials 
were not all purchased at one time. Those secured for the present 
tests, however, duplicated as nearly as possible the earlier purchases 
and, like those, also were obtained from the stock used by a manu- 
facturer of the Government currency paper. The materials consisted 
of new rags graded as white and cream linen cuttings, brown and 
gray linen cuttings, white cotton shirt cuttings, and cream cotton 
hosiery clippings. The composition of the beater ‘‘furnish’’—that is, 
the various paper-making materials blended in the beater—is included 
in the description of each paper-machine run. 


Ill. PAPER-MAKING EQUIPMENT 


The paper mill of the bureau is equipped for making paper on a 
semicommercial scale under practical mill conditions. The equip- 
ment employed in the manufacture of experimental currency paper 
was that in general use in the mill and consisted of a rag duster; rag 
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cutter; rotary boiler; 50-pound copper-lined wood-tub beater, having 
manganese-bronze bars and plate and equipped with a washing 
cylinder; 300-pound tile-lined cement beater, having phosphor. 
bronze bars and plate and equipped with two washing cylinders: 
small Jordan refiner with iron bars; a 4-plate screen; a 29-inch Four. 
drinier paper-making machine, with wire 33 feet long and having 
two presses, nine 15-inch dryers, a small machine stack of seven rolls, 
and a reel; a surface-sizing bath and drying cabinet; and a 5-roll 
supercalender. 

Photographs of the duster, cutter, rotary boiler, 50-pound beater, 
Jordan, and Fourdrinier machine are shown in B. S. Technologic 
Paper No. 340, Caroa Fiber as a Paper-Making Material, pages 338 
to 341. Photographs of the surface-sizing equipment follow herein, 


IV. PREPARATION OF THE HALF STUFF 


The procedure followed in the preparation of the half stuff was 
essentially the same as that generally observed in the commercial 
production of high-grade papers. 


1. CLEANING AND CUTTING 


Since the rags employed in the tests were new and already graded 
as to material and color (uniform in quality), only dusting, cutting, 
and subsequently dusting again were necessary to prepare the ma- 
terial for the digestion process. In the cutting operation the rags 
were reduced to pieces averaging less than 10 square inches in area. 


2. COOKING 


The cooking process, which dissolves the noncellulose material 
and softens the paper-making fiber, thereby permitting it to respond 
more readily to the subsequent treatment, freed the rags from such 
impurities as dyes, size, starch, dirt, grease, or other incrusting 
materials. In, the work previously reported lime was used in the 
boiling solutions, but in the tests described in this paper caustic 
soda and lime each served as a solvent to effect the chemical cleansing. 

The constant factors for each cook, whether lime or caustic soda 
was used, were as follows: 

Weight of bone-dry fiber poands_. 106 
Volume of water ae ee 52. 5 
°F _ 70-80 

| 
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Unless otherwise stated the white and cream linens were kept 
separate from the gray and brown in cooking, and the cotton rags 
were cooked alone. The few departures from this procedure are 
specifically noted in the description of the corresponding paper- 
machine run. 

The strength of the cooking liquor was varied according to the kind 
of rags being treated. In the case of lime cooks, 6 per cent of lime, 
based on the weight of the rags, was used for the cotton and the white 
and cream linens; 12 per cent for the colored linens. For the soda 
process 2 per cent of commercial caustic soda (96 per cent sodium 
hydroxide) was employed for the cotton rags (light-colored); 4 per 
cent for the light-colored linens; and 5 per cent for the dark-colored 
linens. In the few cases in which light and dark linens were cooked 
together, 4 per cent of caustic soda was used when the mixture was 
25 per cent cotton and 75 per cent linen; 3 per cent when 50 per cent 
cotton and 50 per cent linen. The amounts of caustic used were not 
predetermined by experimental tests but were selected on judgment. 
They proved very satisfactory, however, and, as shown by the tests, 
were very close to the quantities required. 

In preparing the lime solution a small amount of the water was used 
for slaking, and the remainder. of the 52.5 gallons was later added to 
and thoroughly mixed with the slaked lime. The mixture was run 
into the boiler through a 60-mesh screen to remove sand, splinters 
of wood, coal particles, or other objectionable material. The caustic 
soda was dissolved in the water, which was equal in volume to that 
used for the lime cook, and the solution likewise screened as it was 


charged into the boiler. 
3. WASHING 


The cooked rags were transferred to the 50-pound beater and washed 
until the effluent was clear, to remove the cooking liquor and the loos- 
ened impurities. One-half of a cook constituted a charge. The time 
required for washing was about two and one-half hours. The amount 
of water used was 1,500 gallons, or 30 gallons per pound of rags, for 
each complete operation. 

The beating action was continued further to brush the fibers out 
of weave. The cotton and uncolored linens responded somewhat 
more readily to this treatment than the gray or brown linens. The 
former materials required from 6% to 7 hours, and the latter, 7 to 
7% hours, for conversion into the partially prepared pulp, commonly 


termed ‘“‘half stuff.’ 
4. BLEACHING 


A solution of calcium hypochlorite, from bleaching powder, was 
mixed with the half stuff, which was then dropped into a drainer where 
the liquor was allowed to drain off and the residual bleach to become 
spent, The procedure followed was, in general, the same as that 
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described in Technologic Paper No. 329, pages 95 and 96. Any 
deviation therefrom is noted in the description of the corresponding 


paper-machine run. 
5. LOSS OF FIBER 


The loss of fiber sustained in converting the rags to half stuff was 
determined for a few of the cooks by the caustic-soda process. 

The total loss in cooking, washing, and bleaching mixtures of 75 
per cent linen and 25 per cent cotton rags, cooked together, with 
4 per cent of caustic soda, was from 15 to 19 per cent. The deter- 
mination was made for each of three cooks. For a boiler furnish of 
50 per cent linen and 50 per cent cotton, cooked with 3 per cent of 
caustic, the total loss was 13.75 per cent. For 100 per cent cotton, 
cooked with 2 per cent of caustic soda, the total loss was 7 per cent, 
but in the case of 100 per cent linen, cooked with 4 per cent of caustic 
soda, the loss was 21 per cent. 


V. PAPER-MAKING PROCESSES 
1. BEATING 


The beating was conducted in the same manner as described in 
Technologic Paper No. 329. The characteristic feature of the method 
of beating used at the bureau in the production of experimental 
currency paper is the very gradual lowering of the beater roll. 

Before the furnish was added to the beater the roll was raised off 
the plate, by turning the handwheel, in order to give clearance to 
the lumps of half stuff. The tub was partially filled with water, 
half stuff from the drainers was introduced, and additional water 
was run in until the desired concentration was obtained. After 
sufficient circulation of the furnish the roll was gradually lowered 
on the plate, by definite amounts and at fixed intervals, to brush 
out the fibers and reduce them to optimum length. 

Measurements were made indicating the relative rate at which 
water drained from the stuff. Since the fibers differed by nature, 
however, in physical characteristics and resultant susceptibility to 
the hydrating influence of the beating action, the beating was con- 
trolled by manipulation of the roll, and was independent of the results 
of the freeness tests. The duration of the beating and the observed 
freeness readings are recorded for the machine runs in Table 1. 

For further details of beater manipulation and discussion of the 
factors affecting the freeness of the beaten pulp, and the consequent 
characteristics of finished paper, the reader is referred to the earlier 
publication, pages 96 to 102. Description of the apparatus and 
method used in measuring the freeness of the stuff are also included. 
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Figure 2.—Festoon rack 


(Coating machine in foreground not used in currency tests.) 
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Bicking 
2. PAPER-MACHINE OPERATION 


From the stuff chest the beaten half stuff was pumped in a con- 
tinuous stream through the stuff box and the Jordan refiner, and 
thence to the paper machine. Pumping the stock from the Jordan 
directly to the paper machine is considered better practice than 
discharging it into a machine chest and subsequently withdrawing 
it as needed. By the former method changes in the character of the 
stock indicated as desirable by conditions at the screen, on the paper 
machine, or in the finished sheet can be effected rapidly by suitable 
adjustments of the Jordan. . 

The operation of the paper machine was very carefully controlled 
during the tests. For additional details of the operation see Tech- 
nologic Paper No. 329, pages 102-103. 


3. GLUE SURFACE SIZING 


Some of the papers were surface sized for experimental printing 
tests. The waterleaf or unsized paper thus treated was run through 
a heated solution of animal glue, passed between a pair of squeeze 
rolls which removed the excess size, and hung in festoons to dry. 
The final operation consisted in passing the dried paper through the 
supercalender to give it the desired finish. 

Figures 1 and 2 show the surface-sizing equipment. The vat for 
the sizing solution is an open wooden box, 58% by 24 by 8 inches. It 
is heated by a steam coil of three-fourths inch galvanized-iron pipe 
20 feet in length, and contains three adjustable rolls for regulating 
the degree of immersion of the paper in the bath. The squeeze rolls 
are 5 inches in diameter. The upper roll is brass and the lower one 
has a rubber covering on a steel core. The festoon rack is 15 feet 
long and has a capacity of 28 loops, each 6 feet in length. With the 
uptake rack and the rack from the festoons to the reel, the capacity 
of the dryer is 400 feet. The dryer is inclosed in a cabinet equipped 
for air conditioning and temperature control. The view shows the 
festoon system without the cabinet. 

The sizing solutions employed in the tests contained from 1 to 6 
per cent of glue, and alum or formaldehyde added as a preservative. 
The temperature ranged from 120° to 140° F. Description of the 
tests is included in the section, Glue Surface-Sizing Tests, following. 


VI. TEST DATA ON FINISHED UNSIZED PAPER 


Table 1 gives data relative to the furnish and the operation of the 
beater for each machine run, and various measurements on the fin- 
ished waterleaf or unsized paper. The apparatus and methods em- 
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ployed in making the measurements, with the exception of copper 
number, are fully described in Paper Testing Methods, published by 
the Technical Association of the Pulp and Paper Industry, 18 East 
Forty-first Street, New York, N. Y. The method used to determine 
copper number is described in Bureau of Standards Technologic 
Paper No. 354. 








8 A Modified Method for Determination of the Copper Number of Paper, by B. W. Scribner and W. R., 
Brode. (B. 8S. Tech. Paper No. 354.) Superintendent of Documents, Government Printing Oflice, 
Washington, D.C. Price, 5 cents. 
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The strength tests show, in general, the resistance of the paper to a 
rupturing force. Variation in the method of application of the force 
permits measurements of the different qualities reported in the table 
as bursting, folding, tensile, elongation, and tearing strengths. The 
suitability of paper for currency use depends not only upon its 
strength and durability but also upon its ability to meet the printing 
requirements. Although the waterleaf or unsized paper is tub-sized 
before being submitted to the printing operation, the uniformity and 
general surface condition of the waterleaf sheet are factors in the 
results obtained. There are no tests to measure these qualities 
numerically, but they should be considered with the other physical 
properties in the final evaluation of the paper. 

Figure 3 shows graphically the relative characteristics of four 
papers, of different fiber proportions, as compared with their mean 
values. Since the relative importance of the several characteristics 
is still a matter of personal judgment, the results for each are reduced 
to the same relative basis. The average value (25 per cent) of the 
four samples is taken as the reference basis (zero) in each case. 


1. STOCK PREPARED FROM LIME-COOKED RAGS 


(2) 75:25 Linen-Cotton Mixturre.—Run No. 658.—The manipu- 
lation of the beater roll for this run followed that described in Tech- 
nologic Paper No. 329, page 98. At the end of 12 hours of beating, 
however, the stuff still contained small lumps of bunched fibers, com- 
monly called ‘“‘nits,’’ and the fibers were too long. The beating was 
therefore continued until these conditions were corrected, 16% hours 
being required for the complete operation. 

After the stuff was dropped to the chest, examination of the beater 
roll showed that the fly bars of the roll were touching the bedplate 
bars only at one end. Owing to this condition the actual beating 
surface was much decreased in area and, therefore, more time was 
required for the beating than in the preceding case to which reference 
was made. The beater roll was subsequently leveled and adjusted, 
as was also the lighter bar, before the next test was made. 

The measurements of the paper show it to be as strong as that made 
in the earlier work. 

Run No. 659.—The beater roll was lowered more slowly for this run 
than for run No. 658. At the time the beating was in progress the 
stuff prepared for run No. 658 had not yet been run over the paper 
machine, but judging by the sound of the beater roll it seemed ad- 
visable to beat the furnish more gradually. The fibers were well 
frayed and the stuff freed from nits at the completion of the process. 
As shown in Table 1 the paper differed little in folding endurance from 
that of run No. 658. 
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on Currency Paper 911 

Run No. 660.—Satisfactory paper having been produced in the two 
preceding runs, the stuff for run No. 660 was prepared in accordance 
with the procedure previously determined as best for a 75:25 mixture 
(Technologic Paper No. 329) and accepted as standard for the bureau 
work. Since the test procedure duplicated that for run No. 542 of the 
earlier work (Technologic Paper No. 329, p. 104), it was expected 
that the measurements on the paper would agree with those obtained 
for the earlier run; and inasmuch as the condition of the stock for the 
runs appeared to be the same, would agree with the measurements for 
runs Nos. 658 and 659 also. The data obtained confirmed the belief 
that under controlled and duplicated test conditions practically 
duplicate results are produced. 

Run No. 661.—This run differs from run No. 660 only in that the 
beating was continued two hours longer at the brushing point, zero 
setting of the roll. Beating for two hours at setting —% followed, 
as in the preceding runs. The measurements show the paper to be 
of good strength, but no better than that made from stock beaten the 
standard way (run No. 660). 

Run No. 668.—This run was not made primarily to obtain addi- 
tional data for the investigation, but to demonstrate to a group of 
visiting manufacturers of fine rag papers the methods employed at 
the bureau in the research on the production of currency paper. 
The standard beating procedure was followed in preparing the stock. 
The paper made was apparently as strong as the other; papers, but 
the appearance of the sheet was not as good as usual. When dis- 
charged from the beater the stuff contained some long fibers and the 
Jordan was not large enough to handle it properly. As a result, 
the stock going to the machine was more or less lumpy, and conse- 
quently crushed spots appeared in the paper when calendered. 

Run No. 670.—The silk fiber in United States currency has until 
recently been limited in distribution to two narrow bands in the 
paper, one on each side of the portrait on the printed currency. The 
Treasury Department was considering changing the specifications for 
the paper to require that the silk fibers be distributed uniformly 
throughout the sheet. Information as to the amount of silk fiber that 
would be needed was desired. Run No. 670 was made for that pur- 
pose and silk fibers were therefore incorporated in the stock as a dis- 
tinctive feature. 

The beating was according to the standard procedure, but at the 
end of 12 hours the stuff was not clear, not free from nits, and an addi- 
tional hour was required to complete the operation. The presence 
of the silk caused no trouble in the paper-machine operation. 

(b) 50:50 Linen-Cotron Mixture.—Run No. 671.—The beating 
Was in accordance with the standard procedure, but an extra hour 
was required to clear the stuff. 
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(c) 25:75 Linen-Cotrton Mixture.—Run No. 672.—The half stuff 
was beaten according to the regular procedure. 

(dq) 100 Per Cent Cotrron.—Run No. 666—No difficulty was 
encountered in this run. The paper was well formed and appeared 
free from fuzz. The measurement also showed it to be very good in 
strength. 

Run No. 667.—The beater roll was lowered much more slowly in 
the preparation of the stuff for this run than for the preceding. It 
was hoped that by increasing the beating time, decreasing the pressure 
of the beater roll proportionally, ‘“‘slower” stock and consequently 
stronger paper would be obtained. The beating interval was 17 
hours, but the paper did not show any appreciable increase in strength 
over that of run No. 666. 


2. STOCK PREPARED FROM RAGS COOKED WITH CAUSTIC SODA 


Except that caustic soda was used instead of lime in the cooking 
liquor for the rags, the paper-making procedure for the remainder 
of the runs also was the same as that described in the earlier publi- 
cation. The amount of caustic soda added differed with the character 
of the rags furnished to the boiler. The amounts used for the different 
kinds of cooks are given on page 903. 

(a) 75:25 Linen-Cotrron Mrixturre.—Run No. 662.—The stuff 
for this run was prepared in accordance with the regular method of 
beating. The paper made seemed to be softer than that made from 
rags cooked with lime. Table 1 shows it to have a higher folding 
endurance also. 

Run No. 663.—The beating for this run differed from that for the 
preceding only in that the process was continued two hours longer 
when the roll was at the —% setting. The measurements show that 
the paper produced had a higher folding endurance than that of run 
No. 662 (12 hours of beating). 

Run No. 669.—The conditions relative to this run were the same 
as for the preceding two runs, except that the beating time was only 
10 hours. 

Runs Nos. 683 and 684.—The 50-pound beater was used in pre- 
paring the stuff for all the machine runs except Nos. 683 and 684. 
For these runs the 300-pound beater was employed. The beating 
procedure planned was an adaptation of the standard method suitable 
for the larger beater, but during the preparation of the stuff it was 
necessary to keep the beater roll at the + 2 setting for 4 hours, because 
of an overload of more than 15 per cent on the motor. If there had 
been sufficient motor capacity, the roll would have been at the zero 
setting in 7% hours, instead of being only at the +2 setting. Because 
of the insufficient motor capacity, the required beating time was in- 
creased to 17 hours. This fact should be considered in comparing 
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the test data for the runs. It is believed, however, that with a 
motor large enough to operate the beater, the results obtained with 
the 300-pound beater would compare favorably with those for the 
50-pound one. 

The beaten stuff was pumped from the Jordan directly to the 
paper machine. Screen plates with 0.024-inch slots were used for 
machine run No. 683, but 0.036-inch cuts were used for run No. 684. 
(The plates with the 0.024-inch openings were used for all the other 
tests.) The test data on the papers of the two runs are practically 
the same. Screening the stock through slots of different gage caused 
no resultant differences in the sheets. 

In all the previous work the cotton rags, light-colored linen rags, 
and dark-colored linen rags had been kept separate throughout the 
conversion into half stuff. The beater charges were mixtures of the 
different half stuffs. For the remainder of the runs on stock composed 
of 75 per cent linen and 25 per cent cotton, however, the rags were 
all cooked together. 

Runs Nos. 685 and 686.—Different methods were used in bleaching 
the half stuff for runs Nos. 685 and 686 to determine their compara- 
tive effect on the strength of the fiber. The boiler furnish was 75 
per cent linen and 25 per cent cotton, and the chemical agent was 4 
per cent of caustic soda. The cooked rags were divided into two 
equal lots. One part was washed, bleached, washed again, and 
beaten, without removal from the beater tub. Machine run No. 685 
was on the stock thus prepared. The remainder of the cook was 
washed and after being partially bleached in the washer was dis- 
charged into the drainer, where the bleach was allowed to become 
spent and the final washing given the half stuff. The half stuff was 
beaten similarly to that for run No. 685. The stock was run over 
the paper machine as run No. 686. 

The test data show very little difference in the papers. It appar- 
ently makes no difference in the quality of the paper whether the 
cooked rags are washed immediately after bleaching and converted 
into stuff without removal from the beater or whether the drainer 
system of bleaching is used and the washed half stuff then returned 
to the beater for the final reduction, providing, of course, that in the 
latter operation an excessive amount of bleach is not used. To pre- 
pare stuff commercially according to the first method, run No. 685, 
more beaters would be needed, however, and it is doubtful if the results 
obtained would warrant the increase in equipment required. 

Runs Nos. 694 and 695.—In making the cook for these runs the 
rags were furnished to the boiler and allowed to stand therein over- 
night. The next morning the regular amount of cooking liquor was 
added. At that time it was noted that the boiler contained a greater 
volume of liquor than it had for any of the previous cooks. The 
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presence of the extra amount may have been due to the fact that the 
main water valve had been left open and the possibility that one of 
the valves at the cooker may have leaked. The greater quantity of 
water weakened the strength of the cooking liquor and also reduced 
the space in the cooker available for steam. Owing to the latter 
condition the usual cooking temperature could not be maintained, 
although greater pressure in the boiler was recorded. The pulp was 
reduced to half stuff and bleached in the usual way. 

The beating procedure for run No. 694 was in accordance with the 
standard method. The time required was 13 hours. The stuff 
seemed much more harsh than usual, however, which condition was 
doubtless caused by the circumstances described relative to the 
cooking. Practically no trouble was experienced in running the stock 
over the paper machine, but the paper produced was harder than 
that made from the other caustic soda cooks. 

The stock for run No. 695 was prepared by somewhat different 
beating procedure. After the beater was furnished the roll was set 
at +6 and was lowered at the rate of one-half turn an hour until 
the + position was reached. The total beating time was 16 hours. 
No difference was noted in the strength of the papers made in the 
two runs, however. 

Runs Nos. 696 and 697.—In order to check the two preceding runs 
a similar cook was made. The half stuff was prepared in the usual 
way. 

For run No. 696 the beating operation was in accordance with the 
standard procedure, and the time required was 11 hours. The test 
data for the paper check very closely with those for run No. 694, but 
the paper had a softer feel. Figure 4 is a photomicrograph‘ of the 
stuff as it was dropped from the beater, ready for the paper machine. 
The photomicrograph (also those of figs. 5 to 8) was made at a magni- 
fication of 100 diameters, but for the reproduction herein the magni- 
fication is about 60. 

The beating procedure employed in the preparation of the stuff for 
run No. 697 was like that for run No. 695. The data for the paper of 
this run agree well with those for runs Nos. 694, 695, and 696. 

(6) 50:50 Linen-Cottron Mixture.—Runs Nos. 699 and 700.—A 
cook was made on a furnish of 50 per cent linen and 50 per cent cotton 
rags, with 3 per cent of caustic soda. Two paper machine runs, Nos. 
699 and 700, were made on stock prepared from the cooked mixture. 
The beating intervals were 13 and 17 hours, respectively. The papers 
made seemed very good and compared very favorably in strength 
with papers made from 75 per cent linen and 25 per cent cotton stock. 

Figure 5 shows the condition of the stuff for run No. 699 at the 
completion of the beating, 13 hours. 





4 Photomicrographs were made by R. E, Lofton, associate physicist, Bureau of Standards. 
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Figure 4.—A 75:25 linen-cotton mixture 


After completion of the beating (11 hours), Stock for paper machine run No. 696. 
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Figure 5.—A 40:50 linen-cotion mixture 


After completion of the beating (13 hours). Stock for paper machine run No. 699. 
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FIGURE 6.—A 100 per cent cotton stock 
After completion of the beating (12 hours). Stock was mixed with linen before being run over the 


paper machine run No, 703. 
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Figure 7.—A 100 per cent linen stock 


After completion of the beating (12 hours). Stock was mixed with cotton before being run over the 
paper machine, run No. 793. 
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Figure 8.—A 40:50 linen-cotton mixture 


The cotton and linen were beaten separately (figs. 6 and 7), and the stuffs mixed in the machine 
chest. Stock for paper machine run No. 703. 
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Runs Nos. 703 and 704.—Preparatory to making runs Nos. 703 and 
704 two cooks were made. The boiler furnishes were 100 per cent 
cotton and 100 per cent linen. The resultant pulps were kept separate 
throughout the preparation of the stuff. The beaten stuffs, the cotton 
and the linen, were mixed together in the machine chest. 

The standard beating procedure was followed for machine run No. 
703. The freeness reading for the cotton stuff at the completion of 
the beating was 104, and for the linen, 24. The reading for the final 
mixture was 35. Figure 6 shows the condition of the 100 per cent 
cotton stuff after the 12 hours of beating, and Figure 7, the condition 
of the 100 per cent linen stuff. The photomicrograph shown in 
Figure 8 is of the mixed stuffs, 50 per cent cotton and 50 per cent 
linen, and is therefore comparable with that of Figure 5. 

For machine run No. 704 the cotton was beaten as for run No. 703, 
but the linen was given a longer brushing period. The beating inter- 
vals were 12 and 14 hours, respectively. The freeness reading for the 
cotton stock was 92; for the linen, 25; and for the final mixture, 34. 

As shown in the table, the papers of runs Nos. 703 and 704 differ 
little in strength characteristics, but are somewhat superior to the 
paper of run No. 699, for which the cotton and linen half stuffs were 
mixed together in the beater, and for which the regular beating pro- 
cedure was followed. 

The freeness reading of the stuffs for runs Nos. 703 and 704 indicate 
that linen fibers have proportionally greater influence than cotton on 
the freeness of a mixture of these materials. 

(ce) 100 Per Cent Corron.—Runs Nos. 701 and 702.—After the 
beater was furnished for paper machine run No. 701 the roll was set 
at +6 and was lowered at the rate of one-half turn an hour until the 
setting --% was reached. The rate was then varied according to the 
condition of the stock. The total beating time was 18 hours. The 
standard beating procedure was employed for the stuff of run No. 
702, and the beating interval required was 13 hours. Both runs 
were considered very good for 100 per cent cotton stock. 


VII. PAPER-MAKING TESTS IN COOPERATION WITH 
COMMERCIAL MILLS 


As before mentioned, fine paper of such great strength as that 
developed at the bureau in the currency investigation had not pre- 
viously been produced commercially. As a result of the research, 
however, three manufacturers of fine rag papers instituted similar 
experimental tests on a commercial scale, and requested the assist- 
ance of the bureau in the development work. The cooperative study 
included visits to the commercial mills in an advisory capacity, and 
paper-making tests at the bureau and in the commercial mills for 
comparison of their respective manufacturing processes. Table 1 
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includes data on the papers produced. The commercial mills aro 
designated therein as “‘A,” “B,” and “C.” 


1. MILL A 


Run No. 674 was made in the bureau paper mill from half stuff re- 
ceived from manufacturer A. Paper made in mill A from half stuf 
from the same batch was also submitted and is listed in the table as 
mill A. 

During the beating of the half stuff in the bureau mill the beater 
roll was lowered very gradually, and not below the brushing point. 
The appearance of the finished sheet was very good but the feel was 
harsh, not soft and smooth as that of the bureau papers had been, 
The half stuff furnished to the beater was likewise harsh, as if it 
contained much more cotton than linen fiber. 

Although the folding endurance measurements show the paper 
made at the bureau to be more uniform in formation, the semicom- 
mercial work checks the commercial run very satisfactorily, as indi- 
cated by the test data. Compared with papers of the previous 
bureau tests, however, the test results indicate that the rags used in 
mill A were not of as good paper-making quality as those employed 


at the bureau. 
2. MILL B 


Stock, half stuff, and paper samples, representing the same fiber at 
the corresponding stages in the manufacturing process, were sub- 
mitted by mill B. Papers made at the bureau from the stock and 
the half stuff are indicated in the data by runs Nos. 681 and 682, 
respectively. Measurements on the paper samples submitted appear 
under the designation mill B-1. 

The prepared stock submitted was described by the manufacturer 
as “‘wet stock taken from the doctor on the couch roll, which repre- 
sents our beaten, jordanned, and screened fiber ready to be made 
into paper.”’® Preparatory to running it over the bureau’s paper 
machine, the stock was mixed with water in the beater to the con- 
sistency regularly used in the bureau tests. It was then dropped to 
the beater chest and from the chest was run through the screen to 
the paper machine. The test data for run No. 681 are on the paper 
made from this stock. 

The formation and appearance of the sheet were very good, but the 
strength was less than that of the paper sample submitted for the 
same stock. This condition was expected, however, as it has been 
the experience of the bureau that stock screened and run over the 
paper machine a second time does not give as strong a sheet as that 





5A doctor is a scraper employed to keep the surface of a roll clean. By its use here the wet stock was 
removed from the machine. 
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made in the original run. Much better comparison of the corre- 
sponding processes in the two mills would have been afforded if the 
stock sent by manufacturer B had been taken before being screened 
but after it had passed through the Jordan refiner. The stock used 
at the bureau would then have been comparable in condition to that 
going onto the paper machine in the commercial mill. 

~ The half stuff received from manufacturer B was shorter than that 
regularly prepared at the bureau in the experimental work. It 
appeared to have received too much cutting, but not enough brush- 
ing. The subsequent beating, jordanning, screening, and paper- 
machine operation were in accordance with the procedure at the 
bureau. The appearance and formation of the paper produced were 
fairly good, but the folding endurance was not as nearly uniform in 
the two directions of the sheet as for the papers made wholly at the 
bureau. The greater difference was probably due to the fibers hav- 
ing been cut more and brushed out less in the preparation of the half 
stuff at mill B. 

The bureau suggested that if manufacturer B desired additional 
comparative tests, the stock submitted be taken after the jordanning 
but before the screening, and the half stuff supplied be prepared by 
more brushing and less cutting in order to have the fibers long but 
well frayed. Manufacturer B wished to have further data and sub- 
mitted additional test materials accordingly. Machine runs Nos. 
692 and 693 and the data designated mill B-2 are for the latter 
materials, 

The stock received was, as before, mixed in the beater to the 
consistency used for the bureau work, discharged into the beater 
chest, and thence run through the screen to the paper machine. 
The paper made from this stock should be more nearly comparable 
to that made in the experimental run in the commercial mill. As 
noted in the table, runs Nos. 692 and mill B-2 check very closely. 
The data show that with the same stock the results obtained on the 
bureau’s semicommercial paper machine check those obtained in a 
commercial mill. 

The half stuff received was given 14 hours of beating. On com- 
pletion of the process the fibers were of good length and the stuff was 
clear and appeared in condition to give a good sheet. The stock was 
pumped from the Jordan directly to the paper machine for run No. 693. 

Comparison of the test data shows that paper made from manu- 
facturer B’s half stuff, beaten in the bureau mill in accordance with 
its regular procedure, has approximately twice the folding strength 
of that made from the stock prepared in mill B from the same half 
stuff. It will be noted also that the folding endurance is much more 
nearly uniform in the two directions of the sheet, and it is believed 
that with papers of this type there is less distortion in the printing 
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operation. Any dissimilarity in the two lots of stock must have been 
due to difference in methods of beating. The beating procedure 
recommended by the bureau in its earlier publication on the produc- 
tion of experimental currency paper—that is, very gradual application 
of roll pressure—proved more satisfactory than manufacturer B’s 


method. 
3. MILL C 


As a part of the commercial development of the type of paper 
produced experimentally in the currency research, manufacturer © 
submitted three boxes of half stuff for tests to determine the effect 
of temperature on the stock in the beating process. Paper made in 
the mill from the same batch of half stuff was also received. Three 
beaters of stuff were prepared at the bureau, each at different tem- 
perature. The corresponding paper machine runs made were Nos. 
730, 731, and 733. 

For the first machine run, No. 730, the half stuff was beaten accord- 
ing to the bureau’s regular procedure. The beating time was 14 hours. 
The paper of the run was well formed and checked closely the strength 
of the paper sample submitted by mill C. 

For machine run No. 731, the beating was practically according to 
the bureau practice, but after 7% hours of beating the temperature 
of the furnish was raised approximately 30°— to between 148° and 
153° F.— the beating being uninterrupted meanwhile. Since the 
increased heat expanded the bars in the roll and the bedplate, the 
subsequent beating action was harder than that for the previous run, 
No. 730, and the reduction of the stock was therefore more rapid. 
The stuff was dropped to the machine chest after 12% hours of beat- 
ing and was then shorter than that for run No. 730. 

In rinsing the stuff from the beater, cool tap water was used. The 
temperature of the diluted stuff in the machine chest was 105° F. A 
hand sheet made from the stuff just before it was discharged into the 
chest was of a brownish cast in color, but a sheet made from the 
cooler stock in the machine chest did not show the brownish color. 

The half stuff for run No. 733 was given easier beating treatment. 
The roll was lowered only one-half turn an hour and the final setting 
was +. After the first day of beating, 6 hours and 40 minutes, 
the temperature in the beater was gradually raised during the 
remainder of the operation. The beating time required for the stuf 
was 14 hours and the final temperature was 149° F. 

Instead of the beater contents being dropped to the chest on the 
completion of the beating, the stuff was allowed to stand in the 
beater and cool down gradually, to permit the maximum injury to 
the stock by the heat. The following morning after the stuff in the 
beater was circulated and its temperature found to be 120° F., steam 
was again turned on and the temperature raised to 150°. The stuff 
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was then rinsed from the beater into the chest with warm water. 
The final temperature in the chest was 123° F. 

Although the lowest roll setting was only +%, the increased heat 
in the beater had expanded the bars in the roll and bedplate and 
caused the subsequent beating action to be much harder than that 
for run No. 730. 

Judged by general appearance there was practically no difference 
in the color of the papers of the three runs. As was expected there 
were differences in the strength values of the sheets, because of the 
harder beating given when heat expanded the roll and bedplate bars. 
The effect of the heat produced by the beating action on the fibers 
may be different, however, from that occurring at similar tempera- 
tures obtained by the application of steam. 

The temperature in the beater is, of course, lower when soft, 
well-cooked pulp is used than when harsher, undercooked material 
constitutes the furnish. The beating action is more rapid, and 
therefore the time required for the reduction is less for the softer 
furnish. 


VIII. GLUE SURFACE-SIZING TESTS 


Currency is printed from engraved metal plates. In order that 
the fine lines may print with clear definition the paper is dampened. 
The sunk engraving is filled with ink and the dampened paper is 
forced against the plate by great pressure to withdraw the ink and 
receive the impression. The excellence of the printing on the finished 
currency is the main hindrance to effective counterfeiting. 

The wetting quality of the paper is an important factor in the 
printing results. Any considerable variation in the resistance to 
weiting interferes with the mechanical handling of the paper during 
the conversion into currency and influences both the quality and 
the quantity of the finished work. Printing tests on various samples 
of experimental currency papers have shown that printing of superior 
merit can be produced on unsized paper, but that such paper requires 
extraordinary care in wetting, printing, drying, and incidental 
handling through the course of operations. Surface sizing is con- 
sidered a requisite for satisfactory printing results on a production 
basis with the wet intaglio process, but the further work contem- 
plated may show that the sizing operation can be eliminated. 

The properties imparted to paper by surface sizing afford a means 
of control of the degree of wetness of the paper. The wetting quality 
is affected considerably by the amount of sizing present. To give 
currency paper as good printing quality as possible, experimental 
tests were made to determine the amount of glue sizing necessary to 
avoid interference with production. It was hoped that lighter sizing 
would suffice and that the printings would therefore approach the 
desirable characteristics of the unsized sheets. The sizing tests were 
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made in the paper mill of the Bureau of Standards, and the gyb. 
sequent printing tests were made at the Bureau of Engraving and 
Printing. 

To establish a standard procedure for applying glue sizing to the 
paper-machine products, preliminary tests were made to determine 
the comparative value of alum and formaldehyde as glue preserva. 
tives, and the effect of the temperature of the glue bath. Two sizing 
solutions were employed. The glue content of each was 6 per cent, 
but one contained alum as the preservative and the other formalde- 
hyde. The proportions of alum and formaldehyde added were repre. 
sentative of commercial practice and, based on the weight of the glue, 
were 6 per cent and \ per cent, respectively. One grade of waterleaf 
or unsized paper was used throughout the tests. Four runs were 
made with each solution. The treated papers were calendered and 
tests were made thereon. The data obtained are reported in Table 
2. In addition to the physical properties reported for the corre- 
sponding unsized papers in Table 1, the resistance of the moist paper 
to abrasion is also included. Currency in service is often subjected 
to handling with moist hands and the wet-rub test® is believed to 
simulate these conditions. 





¢ The apparatus and method of test were developed at the bureau and are described in a previous article, 
A Wet-Rub Tester for Paper, by F. T. Carson and F. V. Worthington, Paper Trade J., 84, No. 2, pp. 
43-44; Jan. 13, 1927, 
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For the first three surface-sizing runs, the temperature of the glue 
bath was 120°, 130°, and 140° F., respectively. Each run was made 
on the day that the glue solution therefor was prepared. To deter- 
mine whether the age of the glue solution was a factor in the results 
obtained, the solution for the fourth run was permitted to stand in 
the vat three days at room temperature. Upon examination at the 
end of that time no bacterial growth was observed on the surface of 
the solutions and no deterioration or change in odor was noted. 
The solution containing alum had jellied, however, but that to which 
the formaldehyde had been added had the liquidity of water. Both 
solutions were warmed to 130° F. for the surface-sizing runs. 

The data of Table 2 indicate that the sized papers were somewhat 
stronger when formaldehyde was used as the glue preservative than 
when alum was employed. Other advantages in the use of formalde- 
hyde are the absence of acidity in the sizing and the more uniform 
penetration of the glue solution because of its greater fluidity. The 
latter is of direct value, since such uniformity is essential to even 
distribution of moisture in the mechanical wetting of the paper 
preparatory to printing. 

The constants accepted from the preliminary tests for use in sur- 
face sizing the experimental currency papers were 0.25 per cent 
of formaldehyde (based on the weight of glue) and 130° F. tem- 
perature. Since the tests did not show any advantage in aging the 
glue solutions, the solutions for the currency tests were used the 
day prepared. Nine additional surface-sizing runs were made. 
Measurements for the sized papers are included in Table 2 and data 
for the corresponding waterleaf sheets were given in Table 1. 

The experimental currency papers employed for the first five 
surface-sizing runs,were of 75 per cent linen and 25 per cent cotton 
fiber composition. The concentration of the glue solution was varied, 
and in one case the amount of formaldehyde. The runs were as 
follows. 

Run No. 121.—The concentration of glue in the sizing bath for 
run No. 121 was 2 per cent and the proportion of preservative used 
was 1 per cent, based on the quantity of glue in the bath. The pro- 
portion of glue retained in the sized paper was 1.24 per cent. As 
shown in the table, the paper had a very high folding strength. The 
increased quantity of formaldehyde increased somewhat the harden- 
ing of the glue, which was doubtless the cause of the greater folding 
strength. 

Runs Nos. 122 and 123.—The concentration of glue in the sizing 
bath for runs Nos. 122 and 123 was 2 and 1 per cent, respectively, 
and the corresponding proportions of glue retained in the sized papers, 
1.37 and 1.07 per cent. One-fourth per cent of formaldehyde was 
used as the preservative in each solution. 
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Run No. 124.—The percentage of glue retained in the sized papers 
of the preceding three runs was, in general, only about one-half of 
that found in the commercial paper being used for the Government 
currency. ‘To afford comparison of the experimental and commer- 
cial papers in the printing processes, particularly in the wetting 
operation, the concentration of the glue in the sizing bath for run 
No. 124 was increased to 4 per cent. The proportion of glue retained 
in the sized paper was 2.00 per cent. 

Run No. 125.—Since the amount of glue in the sized paper of run 
No. 124 approximated that in the commercial papers, it was decided 
to make a similar run using alum as the preservative, as is general in 
commercial practice. The concentration of glue in the sizing bath 
was 4 per cent, as in the preceding run, and the proportion of alum, 
7 per cent. The glue retention in the sized paper was 1.53 per cent, 
the decrease doubtless being due to the lesser liquidity of the sizing 
solution. 

The surface-sized papers for runs Nos. 121 to 125 were submitted 
for printing tests by the regular processes at the Bureau of Engraving 
and Printing. Those of the first four runs wet without difficulty 
and caused no trouble in the printing. Even the paper with only 
1.07 per cent of glue proved satisfactory, and excellent impressions 
were obtained upon it. 

The paper of surface-sizing run No. 125, in which alum was used 
as the preservative, wet irregularly and required sorting, however, 
and some of the sheets needed to be rewet. These conditions further 
indicated that the glue sizing penetrated the sheet less uniformly when 
alum was used in the bath than when formaldehyde was employed. 

The conditions subsequently adopted as standard for the remainder 
of the surface-sizing tests were 4 per cent glue solution as sizing bath, 
one-fourth of 1 per cent formaldehyde as glue preservative, and 130° 
F. as temperature of the bath. 

Four additional surface-sizing runs were made. The papers for 
runs Nos. 126 to 128 were from lime-cooked stock, 50 per cent linen 
and 50 per cent cotton, 25 per cent linen and 75 per cent cotton, and 
100 per cent cotton, respectively. Run No. 129 was on paper made 
from stock 75 per cent linen and 25 per cent cotton, pulped by the 
caustic-soda process. 

It will be observed from Table 2 that the glue retention increased 
with increasing amounts of cotton; also, that the paper of run No. 129, 
75 per cent linen and 25 per cent cotton, caustic-soda cooked, had 
a higher glue content than that of run No. 124, similar fiber com- 
position but lime cooked. The greater glue retentions were due in a 
large measure to the greater softness of the waterleaf papers. 

In comparing the test data of the surface-sized papers, Table 2, 
with those for the unsized sheets, Table 1, the effect of the surface 
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sizing is evident. It produced in all cases a marked increase in {}p 
bursting strength, tensile strength, and folding endurance of tho 
papers. The folding endurance, which is used as the principal 
criterion of strength for currency paper, is several hundred double 
folds more for the sized than for the waterleaf sheet, although the 
unsized sheet itself had a very high resistance in this respect. 

In the wet intaglio process used for printing currency, the paper is 
wetted, printed under high pressure on one side, and dried. Theso 
operations are then repeated when the other side of the paper is 
printed. Such treatment is inimical to glue sizing and there is q 
possibility that some of the strength imparted to the paper by the 
glue sizing is destroyed as a result of these operations. Tests of 
their effect on the strength of the paper have given conflicting results, 
In some cases there was apparently no loss in strength, while in other 
cases the paper had apparently lost all of its glue-sizing strength. 
Quite likely the effect of the printing processes varies with variations 
in them and in the properties of different lots of paper, but in no case 
have the printing operations been found to affect the basic fiber 
strength of the paper. From these considerations it is thought desir- 
able to specify the strength of the unsized paper, as well as that of the 
sized. This practice is desirable also in the case of commercial rag 
papers where a high degree of endurance is desired. 

It should be borne in mind in considering the sizing results described 
that they may not apply directly to commercial bonds and ledgers, 
as they are sized for a different purpose than is currency paper. The 
latter is surface sized primarily to make it work satisfactorily through 
the wetting operation of the printing process. In bonds and ledgers 
the primary function of the surface sizing is to give good writing and 
erasing quality to the sheet. 


IX. SUMMARY AND CONCLUSIONS 


A previous publication, Technologic Paper No. 329, described the 
earlier production of experimental currency paper in the Bureau of 
Standards semicommercial paper mill. The folding endurance of the 
paper, which is generally considered the test best adapted for indicat- 
ing the probable resistance to continued handling, was double that of 
the commercial paper being supplied for Government use when the 
investigation was initiated. The increase in strength was attributed 
chiefly to the method of beating the fibers. The investigation also 
demonstrated the applicability of the experimental manufacturing 
procedure to commercial production. As a result of the study the 
folding strength specified in the current contract specifications for 
‘United States currency paper is more than triple that previously 
required, and paper meeting the requirements is being supplied with- 
out increased cost to the Government or in the manufacturing process. 
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The Treasury Department subsequently requested additional study 
of the paper manufacturing processes, with a view to further improv- 
ing the quality of currency paper. Paper possessing the characteris- 
tics required of currency paper and having the strength of the experi- 
mental papers had not been produced commercially previous to 
the investigation. Following the earlier study several manufacturers 
of high-grade rag papers instituted experimental tests of similar nature 
and also requested the cooperation of the bureau in establishing the 
best manufacturing procedure. The present publication relates to 
the continued research at the bureau. The test results indicate the 
following conclusions: 

Jither caustic soda or lime can be used satisfactorily as the cooking 
chemical in the production of paper of currency quality. The test 
papers made from half stuff prepared by the caustic-soda process were 
fully as strong as those made from lime-cooked stock and had a softer 
feel, making them, therefore, somewhat better in printing quality. 

Caustic soda cooking solution has its maximum strength at the time 
added to the rags, and since caustic soda is a strong alkali, it may, 
therefore, injure the paper-making fiber if used in excess. It is 
important that the initial solution be of definite concentration, and 
control methods should be used.in its preparation to insure the proper 
strength. The sodium salts formed with the impurities in the rags 
during boiling are soluble in water and can be readily washed out after 
the boiling is finished. Rags cooked with caustic soda are therefore 
comparatively free from deleterious impurities. 

Lime is a comparatively weak alkali and only a small amount is 
in solution and, therefore, in active form at a given time. (See 
Technologic Paper No. 329, p. 93.) There is therefore less danger of 
lowering the fiber strength by excessive chemical attack. Owing to 
the fact that lime salts precipitate on the fibers when cold, the com- 
pounds formed are practically insoluble and there is greater difficulty 
in thoroughly freeing the rags from the impurities in the washing 
process. 

The results confirm the statement in the earlier publication that 
gradual application of roll pressure in the beating process was the 
chief contributing factor in the greater strength of the papers made 
at the bureau. It was again demonstrated that with the same raw 
inaterials a suitable change in beating practice doubled the folding 
strength of the finished paper. 

The greatest strength was obtained with the 75 per cent linen and 
25 per cent cotton composition, but the 50:50 combination of these 
fibers produced a strong sheet, of somewhat better printing quality. 
The folding endurance of the 50 per cent linen, 50 per cent cotton 
papers was, nevertheless, well above the contract specification for 
currency paper (3,500 double folds), and the use of that fiber com- 
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position is worth consideration by commercial manufacturers, |; 
should be remembered, however, that fiber loss in cooking is greater 
for linen than for cotton and that paper made from these materials 
cooked together will therefore have a rélatively larger percentage of 
cotton than the boiler furnish. 

Because of differences in inherent physical characteristics, linen 
develops better cohesive properties in the beating process than cot- 
ton, and the surface of the paper made from it is therefore firmer and 
freer from fuzz. An all-linen composition, however, gives too hard a 
paper for currency use. 

The folding strength is less uniform in the two directions of the 
sheet for cotton stock, and the tensile strength is lower for papers 
containing cotton. These conditions do not necessarily indicate 
lower fiber strength of cotton than linen, but may be due to the 
difference in the cohesive properties of the fibers. The higher tearing 
strength of the papers containing large proportions of cotton is also 
explained by the inherent physical nature of the fiber, twisted fiber 
having higher tear resistance than straight. 

Surface sizing is considered essential for satisfactory printing results 
by the wet intaglio process. ‘The excellence of the printing on the 
finished currency is the main hindrance to effective counterfeiting. 
Uniform wetting quality of the paper is necessary to facilitate pro- 
duction. Experimental sizing and printing tests indicated that 4 per 
cent concentration of glue in the sizing bath, one-fourth of 1 per cent 
formaldehyde as glue preservative, and 130° F. as temperature of 
the bath were the most satisfactory sizing conditions for currency 
paper. 

Commercial mills following the procedure used at the bureau in 
the currency tests obtained papers of similar quality. Likewise, 
paper made at the bureau from beaten stuff prepared in a commercial 
mill gave results duplicating those obtained on the commercial 
machine. The comparative data show the applicability of the 
experimental tests to commercial production. 

As a result of the investigation, the cooperating commercial mills 
are now producing a paper similar to that developed at the bureau. 
The improvement made is doubtless reflected in the quality of other 
rag-content papers also. It is believed that the test data will be of 
value in the general technic of paper-making. 


Wasurneoton, April 3, 1929. 
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A METHOD OF MEASURING THE STRESS-STRAIN RE- 
LATIONS OF WET TEXTILES WITH APPLICATION TO 
WET RAYONS * 


By Homer A. Hamm and R. E. Stevens 


ABSTRACT 


An immersion tank has been developed as auxiliary equipment for a recording 
stress-strain tester. This tank is built around the lower jaw of the testing 
machine. It is equipped with suitable stirrer, heater, and heat-control apparatus. 
The textile, in this method, is fastened in the jaws of the testing machine, liquid 
is poured in the tank, and after a suitable immersion period the break is made. 
The results of a series of tests on rayons broken dry, broken dry after wetting 
in water at 20° C. and at 100° C., and broken wet at various temperatures are 
given. 
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I. INTRODUCTION 


The stress-strain relations of wet textiles have become of increasing 
interest with the development of the rayon industry, as rayon is 
weakened considerably more by wetting than natural fibers. The 
handling of the usual textiles when wet offers no great difficulties. 
This is not the case with rayon, however, as producer and processor, 
laundryman, and consumer may testify. Therefore, a greater knowl- 
edge of the physical properties of wet rayons as obtained from 
a consideration of stress-strain relations is desirable. 





In this paper the term ‘“‘rayon” denotes synthetic fibers of regenerated cellulose or of cellulose deriva- 
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927 





928 Bureau of Standards Journal of Research [Vols 


An auxiliary apparatus for the complete immersion of the sample 
during test has been designed for the ordinary testing machine and 
is adapted to testing wet textiles by the usual methods or by the 
improved multiple-strand? test. This apparatus and some results 
obtained on four types of rayon, wet with water at various tem- 
peratures, are described herein. 


Il. REVIEW OF PREVIOUS WORK 


The methods used by earlier investigators for determining the 
strength and the elongation of wet textiles were somewhat similar, 
differing principally in the manner of wetting the samples and in the 
number of strands broken. P. Krais* gave a few results obtained 
by using single-strand tests on dry and wet rayons. J. Obermiller 
and M. Goertz‘* also broke single strands in their determination of 
the breaking strength of dry and of wet yarns. P. E. King and E. 
N. Johnson® made use of the single-strand test for measuring the 
tenacity and elongation of a wide range of samples of dry and wet 
rayon yarns. H. D. W. Smith® used the usual multiple strand method: 
a number of ends were thoroughly wet in water, fastened in the jaws 
of the testing machine, and broken. D.C. Scott’ referred to a machine 
for testing textiles under water but included no details. R. A. Van 
Amburg® described a multiple strand test for wet textile yarns, the 
chief advantage of which is that the break is made as the partially 
immersed sample is removed from the liquid. He gave a few results 
on the breaking strength of wet and dry yarns, comparing his method 
with older ones. 

These methods and results will be discussed only in a general way. 
Tests in which the yarn is partially immersed give the wet breaking 
strength only for textiles having a lower breaking strength when wet 
than when dry, and, therefore, this method of testing is not generally 
applicable. Furthermore, it is impossible to measure the elongation 
of the wet yarn under these conditions. The handling of wet rayons, 
as in those methods in which the fiber is wet before placing in the 
jaws of the testing machine, is to be avoided since rayon fibers are 
easily changed in physical properties when handled wet. Also 
evaporation of liquid from the sample before the break is made may 
affect the results of the test. The results of one investigator are not 
strictly comparable with those of another as conditions of test and 
samples tested are not identical. 





2C. W. Schoffstall and H. A. Hamm, B. S. Jour. Research, 2, p. 871; 1929. 
’ P, Krais, Z. Angew, Chem., 39, p. 196; 1926. 

4J. Obermiller and M. Goertz, Melliand’s Textilb., 7, 163; 1926. 

5 Pp. E. King and E. N. Johnson, J. Soc. Dyers and Colourists, 44, p, 346; 1928, 
6H. D. W. Smith, Textile World, 70, p. 2227; 1926. 

7D. C. Seott, Textile World, 74, p. 2623; 1928. 

®R. A. Van Amburg, Textile World, 70, p. 3627; 1926. 
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IJ. DESCRIPTION OF APPARATUS AND TEST PROCEDURE 
1. FEATURES OF METHOD 


The method here described was developed to embody the follow- 
ing features: (1) Immersion of the sample until conditions of equilib- 
rium in the fiber have been obtained; (2) complete immersion 
during test; (3) use of the improved multiple-strand method of test 
to increase precision, dependability, and speed; (4) adaptability to 
diferent thermal conditions and liquids; (5) adaptability to other 
forms of textiles than yarns; and (6) the expression of results as 
stress-strain relations. 


2. EARLIER APPARATUS AND TESTING PROCEDURE 


The earlier apparatus for the immersion of samples consisted of a 
copper immersion tank fitted to the lower jaw of an ordinary testing 
machine. This lower jaw was fastened in place by allowing its bolt 
to pass up through the bottom of the tank. The lower jaw served 
as a nut and the part of its bolt that fastens on the testing machine 
as the head of the bolt. Rubber washers were used to prevent leaks. 
In determinations recorded below, this immersion tank was used, 
fitted on a Scott automatic recording 55 to 110 pound tester of the 
pendulum type. The time of immersion was selected arbitrarily as 
one-half hour, and the break was made with the sample immersed 
in the liquid. 

In these tests sampling was done in accordance with the equi- 
tension lea method,® which has been shown to give a high degree of 
precision for dry yarns. Thus the test for the stress-strain relations 
of wet textiles was made to embody the essential features of tests in 
the dry condition and the results of wet and dry tests were, therefore, 
comparable. The equitension lea method has been replaced by the 
multiple-strand test,’° which gives greater speed and adaptability. 
Tests run by the two methods were in accord. 

After the samples had been inserted in the jaws of the testing 
machine, water at the proper temperature was added, care being 
taken by pouring the water down one side of the immersion tank, to 
prevent washing of the fibers. The temperature of the bath was 
regulated to within 1° C. by the application of hot plates. This 
method of temperature control, though accurate, was cumbersome 
and required much of the operator’s time. Difficulty was also 
experienced in inserting the samples. 


'W. T. Schreiber and H. A. Hamm, Textile World, p. 97; Sept. 24, 1927. 

’ The equitension lea method was a step in the development of the multiple-strand test and as such is 
not a separate method. The study of wet rayons was made simultaneously with the development of the 
multiple-strand test, 
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3. LATER APPARATUS 


A new Monel metal auxiliary apparatus, shown in detail in Figures 
1, 2, and 3, was constructed so that all disadvantageous features 
of the older apparatus were eliminated. Figure 3 is a top view 
of the immersion tank showing the generai arrangement of parts 
and the shape of the tank. This shape is necessary in order to use a 
minimum of liquid and to provide clearance for moving parts of the 
testing machine. The temperature of the bath is electrically regu- 
lated. Handholes are provided for inserting the sample. 


4. TESTING PROCEDURE 


The procedure for making a test is as follows: 

1. Handhole plates, A and B, are removed. (Fig. 2.) 

2. The dry sample is inserted, through handhole A, in the jaws 
of the testing machine, as is done in the multiple-strand test. In 
this test the yarn is wound, equally space, parallel and under uniform 
tension, upon a split U frame which is held together by a clamp. 
The first and last ends are fixed to the frame by gummed labels, 
The lower jaw of the machine is tightened through handhole B, 
and the clamp is then removed from the split U frame. 

3. The handholes are covered. 

4. Sufficient liquid at the correct temperature is slowly poured into 
the tank until the fibers are entirely immersed. 

5. The stirrer is set in operation and the heaters are turned on. 

6. A chart is inserted in the machine to record stress-strain relations. 

7. Stirring and heating are discontinued just before a break is 
to be made. 

8. The break is made in the usual way. 

9. The water is drained through the petcock. 

10. The machine is run to the starting position. 

11. The clamps are taken from the jaws after removing the hand- 
hole plates. 

12. The jaws are dried. 

13. The chart is removed, and the apparatus is ready for another 
test. 

The temperature regulator must be set for the proper temperature 
before starting a series of tests. The faces of the jaws are covered 
with rubber sheeting to prevent slippage of the fiber wher testing. 


5. PRECAUTIONS IN MAKING TEST 


1. The jaws of the testing machine should be dry before inserting 
the fibers; otherwise some of the fibers may become wet, and conse- 
quently all fibers would not be inserted in the same way. 

2. The stream of water, as the water is poured into the tank, 
should be directed away from the yarns. 
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Figure 1.—Auziliary apparatus on the tester ready for operation 
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Figure 2.—Left side view of immersion tank with manhole covers 
removed 


A, Manhole A; B, manhole B; C, stirrer; D, temperature control; £, upper jaw 
of testing machine; and F, lower jaw of testing machine. 
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Figure 3.—T'op view of immersion tank showing inside details 
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3. To prevent rusting, the moving parts which are immersed in 


water should be well oiled. 
4. All samples before testing should be conditioned" so that 


comparable results on the elongation of the yarn upon wetting may 
be obtained. 


6. INTERPRETATION OF STRESS-STRAIN CURVES 


Considerable information concerning the physical properties of 
wet yarns can be obtained from the stress-strain curve of each test. 
Figure 4 is a typical stress-strain curve for wet rayon. The break- 
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ing load may be read directly. It is the projection on the axis 
of X of the point B where the curve rises abruptly for the last time. 
(See fig. 4.) Rayon elongates upon wetting. This elongation of the 
yarn is the difference in the readings O and A on the axis of Y. O is 
the zero point and A is the point where the load is first applied to 
the fibers. The stretch at break is the difference in the readings 
A and the projection on the axis of Y of the point B. Let D represent 
the initial separation of the jaws. Then the per cent stretch of 
the wet yarn is given by the following formula: 


B-A 
Per cent stretch= ALD x 100 





"' Samples are conditioned by exposing them to air having a definite temperature and humidity until 
the moisture content of the sample reaches equilibrium. 
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7. DISCUSSION OF APPARATUS AND PROCEDURE 


This method, developed primarily for determining the stress-strain 
curves for rayon yarns, is applicable to all textile yarns and to any 
cloth. A special problem arises when the textile to be tested con. 
tracts when it comes in contact with water. This case can be 
handled by inserting the sample in the jaw in the regular way and 
then running the jaws of the machine close enough together so that 
there will be some slack in the textile after wetting. The test is 
made as usual, but corrections in calculations have to be made to 
compensate for the difference in procedure. 

The temperature of the bath and the time of immersion are factors 
which may be adjusted to give test data of interest to the textile trade 
and to the consumer. Any temperature within an ordinary range and 
any liquid which has no effect on the apparatus may be used. The 
results will show the effect of the liquid on the tensile properties 
of the textile when it is in contact with that liquid at a particular 
temperature. 


IV. TESTS PERFORMED 


A series of tests was made to establish the usefulness of this method 
and to obtain data on the physical properties of wet rayons. The 
samples tested represent four types of rayon. The size of yarns 


was approximately 150 denier,” with the exception of the cupram- 
monium rayon, which was somewhat finer. ‘These tests were made 
during the summer of 1927, and yarns manufactured at a later date 
might give somewhat different results. 

The conditions of tests were those established in the multiple- 
strand test; namely, the distance between the jaws was 4 inches; 
the rate of separation of the jaws was 12 inches per minute; and 
80 strands were broken for each test. All samples were conditioned 
at 65 per cent relative humidity and 20° C. before testing. 

The following tests were made: 

1. The samples were broken dry. 

2. The samples were broken wet at room temperature, and at 
60°, 70°, 80°, 90°, and 100° C. 

3. The samples were wet one-half hour in water at room tempers- 
ture, dried and broken. 

4. The samples were wet in boiling water for one-half hour, dried 
and broken. The samples were first cooled in water before exposing 
to the air. 





12 The denier is the weight in grams of 9,000 meters of yarn, 
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Tables 1 and 2 and Figures 5 and 6 give the results of these tests. 
These results, and those of other investigators, show the weak- 
ening of rayon upon wetting. The temperature of the bath has 
little effect on the breaking strength of regenerated cellulose rayon. 
As the temperature of the water is increased, the wet breaking 
strength of the cellulose acetate rayon tested decreases, and its 
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Figure 5.—Stress-strain relations of rayons—multiple-strand tests on 80 strands 
W. 100° D., wet sample one-half hour in water at 100° C.; broken dry. W. R. D., wet sample 
one-half hour in water at room temperature; broken dry. O., broken dry. W. R., broken wet 
at room temperature. W. 60°, broken wet at 60° C. 70° broken wet at 70°C. 80° broken wet 
at 80°C. 90° ,broken wet at 90° C. 100°, broken wet at 100° C. 


Note.—Charts on Figures 5 and 6 have been replotted to rectangular coordinates, and in order to avoid 
confusion a different axis has been used for each curve. 

Notge.—Charts on Figures 5 and 6 have been replotted to rectangular coordinates, and in order to avoid 
confusion a different axis has been used for each curve. 


elongation due to wetting and its stretch at break increase. Cel- 
lulose acetate rayon also shows definite changes in stress-strain 
relations when treated for one-half hour in boiling water and broken 
dry. 

Work is now under way to explain these stress-strain relations, 
and also the peculiar behavior observed in cellulose acetate rayons. 
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FiaureE 6.—Stress-strain relations of rayons—multiple-strand tests on 80 strands 
W. 100° D., wet sample one-half hour in water at 100° C., broken dry. W. R. D., wet sample 
one-half hour in water at room temperature; broken dry. O., broken dry. W. R&., broken wet 
at room temperature. W. 50°, broken wet at 60° C. 70°, broken wet at 70° C. 80°, wet broken 
at 80°C. 90°, broken wet at 90°C. 100°, broken wet at 100° C. 


TaBLeE 1.—Effect of wetting on the stress-strain data for dry rayons (80 strands 
broken) 
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1 Commonly called nitrocellulose rayon. 
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TABLE 2.—Stress-strain data for wet rayons (80 strands broken) 
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V. SUMMARY 


A method for determining the stress-strain relations of textiles 
when wet has been developed. With this method measurements can 
be made as accurately as those obtained with the multiple-strand 
test for dry yarns.’ The apparatus is so designed that a test may 
be made over a range of temperatures. The method may be used 
for all types of textiles, either as yarn or fabrics. 

Results are given which show the effect of water at various tem- 
peratures on the stress-strain relations of rayons. 





“The average deviations in the strength results of the multiple-strand method seem to be within the 
sensitivity of the machine (one-half pound); the stretch variations are about three times the possible ex- 


perimental error caused by the machine.” C. W. Schoffstall and H. A. Hamm, B. S. Jour. Research, 
2» p.s 79; 1929, 
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CORROSION OF OPEN-VALLEY FLASHINGS 


By K. Hilding Beij 


ABSTRACT 


In recent years some trouble has been caused by corrosion of copper flashings, 
particularly of open-valley flashings on buildings with shingle roofs. Sixteen- 
ounce copper may be perforated in 15 to 20 years under severe conditions of 
service. Failures have been found in a few localities only. They seem to be 
more frequent in New York City and its environs than elsewhere in the Eastern 
and Central States. One case from Washington, D. C., is significant for here the 
corrosion occurred where one sheet of copper overlapped another. 

The corrosion, for convenience calJled line corrosion, results in a narrow line of 
holes or cracks immediately under the edge of the overlying roofing. It appears 
to be an accelerated attack due to differential aeration of the water retained by 
capillarity between the roofing and the flashing after a rainfall. This water is 
shielded from the air except along the edge of the roofing where it is freely exposed. 

Accelerated corrosion tests showed that a solution containing both sulphur 
dioxide and sodium chloride produced rapid line corrosion. Solutions of either 
alone produced no visible line co1.osion in the same length of time. This result 
suggests that under ordinary conditions line corrosion will be found only in cities 
near the seacoast. The rate of corrosion depends in large measure on the roofing 
material. A porous, absorbent roofing, such as wood shingles, holds more water 
in contact with the flashing after a rainfall and dries out more slowly than a 
relatively impervious material like slate. Hence, more rapid corrosion takes 
piace. 

The laboratory tests indicate that a simple and inexpensive modification in 
construction will eliminate troubles due to line corrosion. This modification 
consists of the insertion of a smoothly finished hardwood strip between the roofing 
and the flashing. The strip should be placed about an inch back of the edge of 
the roofing and nailed firmly and tightly to the flashing. In the accelerated tests, 
specimens made in this way were unaffected by more than three times the test 
exposure which caused line corrosion failure of specimens without the strip. It is 
reasonable to believe that a similar difference will be found under service condi- 
tions. If so, then no appreciable line corrosion would occur with the modified 
construction in 50 years or more even under conditions as severe as those in New 
York City and its environs, 


CONTENTS 


. Introduction 
eee ererrmmoe i Le Cee Se) le oles 
Experimental work 
1. First series of tests 
2. Results of first series of tests 
3. Second series of tests 
4. Results of second series of tests 
Discussion of line corrosion 
/, Summary 


I. INTRODUCTION 


For several years the Bureau of Standards and the Copper and 
Brass Research Association have been conducting a joint investigation 
of problems concerning copper roofing, the chief object of the investi- 
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gation being to increase the usefulness of copper as a building materia] 
One of these problems was the peculiar form of localized corrosion 
which sometimes occurs in sheet copper when used for the flashino 
of open valleys, According to all available information, copper flash. 
ings very rarely fail by corrosion and such failures appear to be con- 
fined to a few localities. However, copper is a material whose use 
for roofing purposes is based on its well recognized resistance to destruc- 
tive atmospheric agencies. Therefore, any factor which tends to 
limit the life of copper roofing, even to a slight degree, is of far greater 
import than it would be for a cheaper material not selected primarily 
for long life. : 

The purpose of the investigation discussed in this paper was to dis- 
cover the causes of the corrosion of valley flashings and to find some 


OPEN VALLE ——<—* 
\ 


\ SHINGLE ROOFING 








COCOA 


Figure 1.—Diagram of an open valley 


means for eliminating them, so that the service l#fe of a roof will not be 
limited by the life of the flashing. Further, it is important to be able 
to recognize the circumstances under which such corrosion is likely to 
be serious enough to warrant precautionary measures. In order to 
attain these ends it was necessary to develop an accelerated test which 
would reproduce actual conditions as nearly as possible. 

For convenience, some of the terms used in this paper are defined. 
Roofing denotes the material which covers the major portion of the 
roof of a building. Flashing is sheet metal ote on various parts 
of the roof to ensure protection against leakage. When two sloping 
roof surfaces intersect in a reentrant angle, the trough thus formed is 
called a valley. If the roofing is continuous through the valley, the 
valley is closed; whereas if the roofing is not continuous, leaving 4 
channel in the bottom of the valley, the valley is called open. The 








B. S. Journal of Research, RP123 





a tee tet at eet et 8 











FIGURE 2.—WNSections of an open-valley flashing which had failed in service 


Approximately one-fourth size. 
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channel of an open valley is lined with sheet metal which extends up 
under the roofing on each side and this lining is the valley flashing. 
Figure 1 shows the essential features of an open valley where the 
flashing is applied in the usual manner. 

The term line corrosion is used to designate localized corrosion occur- 
ring in a narrow band from 1/32 to 3/32 inch wide in the flashing located 
under the very edge of the overlying roofing. 


II. FLASHING FAILURES 


Sections of a valley flashing which had failed in service are illus- 
trated in Figure 2. ‘These specimens were removed from a residence 
in Hackensack, N. J., about 16 years after the construction of the 
building. The roofing was ‘Creo-dipt” shingles and the flashing 
was 16-ounce Roofing Temper (soft) copper (16 ounces per square 
foot, 0.0216 inch nominal thickness). This example is typical of 
other failures except that in most cases repairs are made as soon as the 
flashing has been penetrated at any point and before the continuous 
crack has been formed. 

The upper specimen in the photograph shows the appearance of the 
under surface of the flashing. Note the extreme localization of the 
corrosion, which has penetrated the copper in two very narrow bands 
1/16 to 3/32 inch wide, and the very good condition of the copper else- 
where. 

The lower specimen in the photograph, taken from another posi- 
tion in the same valley, shows the upper surface of the flashing. 
The central darker portion, which is about 5 inches wide, formed the 
open part of the valley. The dark and rough appearance of this 
part is due to paint applied in an effort to stop the corrosion. The 
two side portions of the specimen were the parts covered by the over- 
lying shingles. The copper was evidently in perfect condition save 
for the two cracks located along the edge of the overlying shingle 
roofing. 

In practically all of the cases for which definite information is 
available the roofing was of wood shingles. This has led to the 
opinion, held by many sheet-metal workers and others interested, 
that chemical action due to the wood shingles is directly responsible 
for the corrosion of valley flashings. However, an example very 
similar in appearance to the valley-flashing failures was found in 
Washington, D. C., where no wood shingles were present. The corro- 
sion occurred on a 3-inch stack used to carry off hot gases and fumes 
from two gas heaters. At each joint of the stack, where one section 
overlapped another, narrow grooves and cracks were found. These 
cracks were so strikingly similar in their appearance and their loca- 
tion under the edge of the overlapping section to the failures in the 
valley flashings, such as that shown in Figure 2, as to lead to the 
conviction that the same causes were operating. Service conditions 
were exceptionally severe and it was necessary to replace the stack 
after about 12 years. 

Failures of valley flashings are not acommon occurrence. Inquiries 
throughout a large part of the Eastern and Central States have shown 
that in most localities they are unknown. Actual examples of failures 
have been found in a limited area around New York City, and in 
Philadelphia and Erie, Pa. In the area around New York City, 
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including western Long Island and, in particular, the Passaic Valley 
of New Jersey, valley corrosion appears to be more of a problem than 
elsewhere. 

The information on this subject is so meager that no conclusions 
can be drawn regarding the relation between failures and their loca- 
tion with respect to railroads or factories, orientation and exposure 
of roof, and other factors which might possibly be of significance. |i 
should be mentioned, however, that on several of the specimens 
received for examination, the roofing shingles were almost black with 
soot and cinders from coal smoke. 


Ill. EXPERIMENTAL WORK 


1. FIRST SERIES OF TESTS 


The test specimens were furnished by the Copper and Brass 
Research Association. These consisted of sample roofs about 30 


SHINGLES 


FLASHING: BATTEN STRIP 
- UNDER FLASHING 


TYPE I TYPE I 


BATTEN STRIP 
CRIMP IN FLASHING 


TYPE IZ 


Ficure 3.—Types of construction for open-valley flashings 


inches square mounted on a 1 to 3 pitch, (1 inch rise for each 3 inches 
horizontal). The flashing was placed along the lower edge of each 
specimen. This flashing was commercial, (electrolytic), sheet copper 
of 16-ounce gage, which corresponds to a ‘nominal thickness of 0.0216 
inch. This gage is the one most commonly used for roofing purposes. 
Soft copper (Roofing Temper) was used on all specimens except 
No. 2, which was flashed with hard (Cornice Temper) copper. A 
descriptive list of the specimens is given in Table 1 and diagrams of 
the various methods of construction in Figure 3. Figure 4, a photo- 
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oraph taken while tests were in progress, gives a clear idea of the 
appearance of the specimens. 

The solutions were supplied from a large copper-lined tank shown 
to the left of Figure 4. From the tank extended two perforated 
brass pipes, one over each row of specimens just forward of the back 
edges of the specimens. By this arrangement, solution was distributed 
evenly over the entire width of the specimens and flowed over practi- 
cally all of the roofing before striking the flashing. By placing copper 
wires in the holes.of the pipes and adjusting the gradients, very nearly 
the same flow was obtained over each specimen. The composition 
of the solutions was approximately as given later, but no attempts 
were made to obtain great accuracy. The metal of the distributing 
system was, of course, attacked and this changed the composition of 
the solution somewhat before it reached the specimens. However, 
since all of the specimens received very nearly the same treatment, 
intercomparisons are valid. Apparatus and specimens were thor- 
oughly cleaned weekly, and oftener if it seemed necessary. A 
series of five tests was made, all on the same set of specimens. 

The complete operation of wetting aspecimen by running solution over 
it, together with the subsequent period of drying, will becalled one cycle. 

Test No. 1.—Tap water was run over the specimens continuously 
for seven hours each day (except Sundays). The total amount of 
water in the system was 36 gallons; this was recirculated at a rate of 
approximately 1 gallon per minute per specimen. After 16 cycles, 
which took about three weeks, it was evident that no line corrosion was 
taking place, atleast at arate warranting continuance of this procedure. 

Test No. 2.—The solution was not recirculated in this or in the 
subsequent tests of the series. 

A 0.4 per cent solution of sulphur dioxide was used. The cycle 
consisted of a 2-hour period during which the solution was dripping 
on the specimens, followed by a period of 22 hours for drying. The 
rate at which the solution was supplied was about 0.3 gallon per 
specimen per minute. After 34 cycles it was clear that this solution 
was too weak to bring any results within a reasonable time. Further- 
more, it seemed that much shorter cycles could be used to advantage, 
as more drying-out periods would be obtained in the same length of 
time. Accordingly, the apparatus was modified so that solution 
could be run for 3-minute periods at 3-hour intervals.! Solution was 
supplied at the rate of about 0.25 gallon per cycle per specimen. 
This procedure was followed in all of the remaining tests of the series. 

Test No. 3.—In this test a 2 per cent solution of sulphur dioxide 
was used. Five or six 3-hour cycles were run five nights each week. 
No traces of line corrosion could be observed after 192 cycles over a 
period of about two months. 

Test No. 4.—A normal solution, 5.65 per cent, of sodium chloride 
was used. No definite indications of line corrosion could be detected 
after 93 cyclés in about five weeks. 





1 An apparatus which would function automatically at night was necessary. A rubber stopper, fitted 
to the outlet at the bottom of the solution tank, was operated by a rod passing up through the tank to a 
cam rotated by weights. A pin on the cam shaft, corresponding to the closed position of the stopper, was 
checked by the plunger of an electromagnet. Current through the electromagnet moved the plunger, 
thus releasing the check pin. After one-half turn of the cam, a second pin, corresponding to the open posi- 
tion of the stopper, was dheckoe’ against the plunger. When the current was cut off, the cam made another 
half turn to the initial position. The operation of the electromagnet was controlled through a relay by a 
timing device. This consisted of an ordinary alarm clock with wire brushes soldered to the hands. Four 
contact points for the hour hand, placed equidistant on the clock face, were connected to one side of the 
telay and a single contact point for the minute hand to the other side. The electomagnet operated every 
three hours when the hour and minute hands made contact simultaneously, 
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Test No. §.—The solution was a mixture containing 2 per cent sul- 
phur dioxide and 5.65 per cent sodium chloride. Line corrosion began 
to be evident almost immediately. This test was continued until all] 
of the specimens had failed. The number of cycles in test No. 5 re. 
quired for each of the specimens to reach the failure point is 
reported in Table 1. 


TaBLE 1.—Descriptive list of specimens and summary of results of first series of 
tests 





Type of| Flash- 


ing Cycles 


Roofing material for Remarks 
failure 





Line corrosion failure, 
0. 
.| Cypress shingles - Do. 
Red cedar shingles._.....-. | Line Losuweion failure; time not observed. 
0. 





“Creo-dipt”’ shingles (color Line corrosion failure. 
i green). 


j Line corrosion failure, at edge of lath. 
..| Asbestos shingles__........ 255 | Line corrosion failure. 
.| Terra cotta Spanish tile__- 193 | Line corrosion failure, at edge of lath. 
-| a hc (9-ounce (93); Copper shingles failed. No line corrosion. 

















1 See Figure 3. 


2R. T. signifies Roofing Temper (soft) copper. C. T. signifies Cornice Temper (hard) copper. All 
specimens on pitch of 1:3 (rise of 1 inch to every 3 inches horizontal). 


2. RESULTS OF THE FIRST SERIES OF TESTS 


During the first test, the water, became very strongly impregnated 
with materials leached out of the shingles. The effect of this solu- 
tion on the copper was hardly noticeable. At the end of the fourth 
test, no line corrosion could be observed, in spite of the fact that 
during all of this time the flashings were exposed to solutions which 
had run over and soaked through the wood shingles. The evidence 
indicates that chemical action induced by wood shingles is not a factor 
of importance in the corrosion of valley flashings. Indeed, if this 
were the case, failures of valley flashings would be far more common 
and not restricted to certain localities. 

On the other hand, the solution used in test No. 5, a mixture con- 
taining sulphur dioxide and sodium chloride, produced very rapid line 
corrosion. This result seems to account for the fact that most of the 
known failures have been found in New York City and its environs 
where the air is contaminated by coal smoke and also carries con- 
siderable salt on account of its nearness to the ocean. That no failures 
have been found in inland cities would then be explained by the very 
much slower rate of corrosion when sulphur dioxide alone is involved. 

In order to make intercomparisons among the specimens it is nec- 
essary to adopt some criterion for failure and some means for measur- 
ing the endurance or life of a specimen under test. Complete pene- 
tration of the flashing at any point under the edge of the overlying 
roofing, where line corrosion would be expected to occur, was assumed 
to represent failure of the specimen. In the case of specimens of 
Type III construction (see fig. 3), complete penetration of the upper 
layer of copper on the crimp was considered failure. In the first 
series of tests, the failure of specimens Nos. 4 and 5 could not be 
observed, as the roofing was not removable. The test life of a speci- 
men was taken as the number of cycles with the sulphur dioxide- 
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sodium chloride solution required to cause failure. Although other 
solutions were used in the first series, the line corrosion produced by 
them could not be detected and was therefore assumed to be negli- 
sible. A summary of the results is given in Table 1, and shown 
sraphically in Figure 5. The results for 3 of the 10 specimens are 
not included in Figure 5 for reasons which will appear later. 

The first failure occurred on specimen No. 2, shown in Figure 6. 
The shingles have been removed and the lower (double) course has 
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Ficure 5.—Resulis of first series of tests of open-valley flashings 


16-ounce Cornice Temper (hard) copper on specimen No. 2; 16-ounce Roofing Temper (soft) cop- 
per on all other specimens. The broken lines indicate that the roofing on these specimens was 
separated from the flashing by a lath at the edge of which line corrosion occurred. 


been separated and replaced a few inches above its original position. 
The line corrosion shows as a well-defined line (marked by the 
arrows) running across the specimen. (All along the line was a 
deep groove which does not show well in the reproduction.) Careful 
inspection of the photograph will disclose, in addition, a number of 
holes at various points. At several points the line corrosion extends 
up along the sides of the shingles for an inch or more. The failure is 
typical of those which occurred on the other specimens. 
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Specimens Nos. 1 and 2 were similar in all respects save that soft 
copper (Roofing Temper) flashing was used on the first and hard 
(Cornice Temper) on the second. The hard copper is practically 
never used for flashing purposes. Specimen No. 2 failed after 50 
applications of the aimed solution, while No. 1 required 93 applica- 
tions for failure. Although results from tests employing only one 
specimen of a kind can not be considered as entirely conclusive, yet 
they strongly indicate that no advantage would be gained by ‘sub- 
stituting hard for soft copper. In fact, line corrosion would probably 
be more severe with the hard copper. 

The test lives of specimens Nos. 1, 6, and 3 were practically the 
same. These specimens were cov ered with untreated red-cedar 
shingles, with ‘‘Creo-dipt” shingles, and with untreated cypress 
shingles, respectively. No difference due to any variations of the 
chemical composition of the shingles is indicated by the results. 

Specimens Nos. 4 and 5 5 failed by line corrosion. It is evident, 
therefore, that the pct cemmneieliniea used on these specimens will 
not eliminate line corrosion. As the roofing could not be removed 
during the*progress of the tests, it was not possible to determine the 
test lives of these specimens. 

On specimens No. 7 (slate) and No. 9 (Spanish tile), which were 
intended to be of Type I construction with the roofing touching the 
flashing, a lath was inserted under the lower course of roofing about 
1 inch back of the edge of the roofing. These specimens are accordingly 
listed as Type IV construction in Table I. Line corrosion appeared 
at the edge of the lath. The results do not represent true values for 
the Type I construction of these roofings, and, therefore, they are 
shown by broken lines in Figure 5. There is one interesting feature 
with regard to these specimens. Although the laths were wet during 
each cycle of the test, yet since they were in close contact with the 
flashing only small amounts of solution were held between laths and 
flashing. This seemed to account for the prolonged test lives of these 
two specimens. If this reasoning is correct, it should be possible to 
still further increase the life of the flashing by using a carefully finished 
strip of hardwood instead of a rough unfinished lath. The same type 
of construction (Type IV) applied to wood-shingle roofs is more 
fully discussed in connection with the second series of tests. 

Specimen No. 8, with its roofing of heavy asbestos shingles or tiles, 
showed a comparatively long test life. 

Specimen No. 10 was covered with sheet-copper shingles. These 
failed by corrosion before any line corrosion of the flashing could be 
detected. It is of interest to note that these shingles were of hard 
copper about one-half the thickness of the flashing, and that failure 
first occurred at bends and corners. 

In Figure 5 the specimens, reading from left to right, are arranged 
in order of i increasing test life. It is significant that this is also the 
order of the specimens when arranged according to the rate of drying 
from those drying most slowly on the left to those drying most rapidly 
on the right. Specimens Nos. 1, 2, and 6 dried very slowly, all at 
about the same rate. No. 3 dried noticeably faster, and Nos. 7, 8, 
and 9 quite rapidly. A relation between rate of drying and test life is 
suggested, but no definite conclusions can be based on. this small 
number of specimens. 
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3. SECOND SERIES OF TESTS 


The results of the first series of tests were inconclusive in several 
respects. In particular, the two special forms of construction (Types 
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Ficure 7.—Specimens for second series of tests of open-valley flashings 


The roofing is fastened to the block B and the side guards G. This ‘assembly is held in place 
by the removable screws 8. 


IT and III) did not prove to be immune to line corrosion. Accord- 
ingly, a second series was undertaken. 

Sketches showing a typical specimen are given in Figure 7. The 
flashing was nailed to the supporting stand. The glass window in the 
top of the stand made it possible to detect the first penetration of the 
flashing, The roofing was attached to a wood block (B in fig. 7) 
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and to two guard strips, G, which prevented overflow of solution alongs 
the sides of the specimen. This assembly was attached to the stand 
by two screws, S. Thus the roofing could be easily removed for inspec- 
tion of the flashing and could be replaced in its original position and 
fixed by means of the screws. A descriptive list of the specimens js 
given in Table 2. 


TaBLE 2.—Descriptive list of specimens and summary of results of second series of 
tests 





Line cor- 
rosion, 
number of 
Roofing | cycles to— 
material 


First | Fail- 
trace | ure 








| ‘ : 
Red cedar | 22 138 | Severe line corrosion, one crack. 


220 | Severe line corrosion, several cracks; 

272 | Line corrosion, several small holes, 

Slight line corrosion, patch of 
severe corrosion with several 
holes. 

For continuous drip Failed after 1,152 hours of contin- 

uous drip. 

Heater, for rapid Severe line corrosion, several holes 
drying. 

Flashing painted un- Severe line corrosion, one small 
der shingles. hole. 

Roofing paper be- Q Severe line corrosion, one crack. 
tween flashing and 
shingles. 

Composi- { Slight line corrosion, one hole. 
tion shin- 
gles. 

I 73 | Slate...... 37 | Line corrosion, several holes. 

It :3 | Red cedar Do. 

| shingles. 

isi :3 |_..do.___..| Flashing painted un- Severe line corrosion, several holes. 

der shingles. 

Ii 2 a re No failure at end of test, 475 cycles. 

Small patch deeply pitted. 

il 3 1 2 Deeply pitted, hole through first 

layer of flashing. 

oI ; Flashing painted un- Do. 

der shingles. 

Ill : Pitted, hole through first layer of 

flashing. 

IV : No trace of line corrosion at end of 

test, 475 cycles. 

IV $ Flashing painted un- Do. 

der shingles. 

IV | Batten strip water- Do. 

proofed. 

IV : Do. 
































1 See Figure 3. 


Glass receptacles and tubing were used in the system for distribut- 
ing the corrosive solution to the specimens. Joints were of rubber 
tubing. By adjustment of the sprinkler tubes a fairly uniform flow 
was obtained over each specimen. This flow was checked occasion- 
ally by measuring the run-off from the specimens. About one-tenth 
of a gallon of solution was required to thoroughly wet a specimen, and 
the flow was adjusted to give approximately this amount in six min- 
utes.” 





? The arrangement for starting and stopping the flow automatically was the same as that used in the first 
series of tests, except that a hard-rubber valve, with its stem on the cam shaft, was substituted for the 
stopper and cam combination. 
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The corrosive solution was the same as that used in the final test 
of the first series, namely, a mixture containing about 5.85 per cent 
of sodium chloride and 2 per cent of sulphur dioxide. As before, this 
mixture gave rapid results. It was intended to run six 3-hour cycles 
each night. However, this did not always allow the specimens to 
dry out thoroughly, especially during rainy weather when the humidity 
was high. Therefore, the schedule was varied at times to suit cir- 
cumstances. Specimens and apparatus were cleaned at intervals 
as seemed necessary. 


4. RESULTS OF THE SECOND SERIES OF TESTS 


A résumé of the results is given in Table 2 and the comparative 
test lives of the specimens are shown graphically in Figure 8. Note 
in particular, that specimens Nos. 27 to 30, inclusive, showed no signs 
of line corrosion at the completion of the test. Although specimen 
No. 13 had not failed at the end of the test, pitting had progressed 
almost through the flashing at one point so that failure was imminent. 

The action of different roofing materials is well shown by com- 
paring specimens No. 11 (wood shingles), No. 19 (composition 
shingles), and No. 20 (slate), all of Type I construction. All of 
these failed by line corrosion, and, as nearly as could be judged by 
inspection, the total amount of corrosion was about the same in 
each case. However, the slate specimen (No. 20) which had the 
least porous or absorbent roofing and, therefore, dried out most 
rapidly in each cycle, had the longest test life. The composition 
shingles (No. 19) dried out more slowly than the slate, thus holding a 
film of water between roofing and flashings for a longer period each 
time. The failure was correspondingly hastened and the test life 
considerably shortened. The shingles (No. 11) were quite porous 
and absorbent, dried out very slowly, and retained liquid in contact 
with the flashing for a longer time than the other materials. Hence, 
as anticipated, the test life here is the shortest of all. The effect of 
the roofing material as regards line corrosion appears to be almost 
entirely dependent on the length of time which the material can 
hold solution in contact with the flashing. The more porous and 
absorbent the material, the shorter will be the test life of the specimen. 
Accordingly, specimen No. 18, which had a sheet of roofing paper 
inserted between the shingles and the flashing, should have a test life 
somewhere between those of the composition shingles and the slate. 
The roofing paper fitted more closely to the flashing than the com- 
position shingles and, therefore, held back less liquid, so that drying 
was somewhat more rapid. As can be seen in Figure 8, the test life of 
specimen No. 18 falls about midway between those of the composition 
shingles (No. 19) and the slate (No. 20). 

It is concluded, on the basis of the results of both series of tests, 
that wood shingles are not the primary cause of line corrosion, and 
that practically the only influence of the roofing material on line 
corrosion depends on its ability to retain water in contact with the 
flashing. This conclusion is borne out by the data relating to failures 
of valley flashings. These data show that line corrosion may occur 
in the absence of any material other than the copper itself. More- 
over, failures appear to be restricted to certain localities. The 
do not occur generally in all places where wood shingles are used. 
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If this conclusion is correct, then a specimen mounted on a steep 
pitch should have a longer test life than a similar specimen with 
only aslight pitch. For, as the pitch or slope of the roof is increased, 
water will drain off more completely and less will be retained between 





wee END OF TEST 
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SPECIMEN NO, M1 16 14:19 12 18 17 24 26 1320 25 21 2 23 27 28 29H 
TYPECONSTA. IT J TilLisw@aiiinogwragrgIIrIwwvwrTwT 


ROOF PITCH “Lt, yy to ty ty; ty tp ty ty th Ys Us Ua Uh 


ROOFING, ON SPEC. NO. 19 - COMPOSITION SHINGLES 
ON SPEC. NO.20- SLATE . 
ON ALL OTHERS - RED CEDAR SHINGLES 


Ficure 8.—Results of second series of tests of open-valley flashings 


First (light) arrowhead represents first noticed trace of line corrosion. Second (heayy) arrow- 
head represents failure. All flashings of 16-ounce Roofing Temper (soft) sopper. 


the roofing and the flashing. Comparing specimens Nos. 11 to 
14, inclusive, all of wood shingles but with progressively increasing 
pitch, it is found that the test life increases as the pitch increases. 
No. 14 is an apparent contradiction. However, although failure 
occurred very early on this specimen, severe line corrosion was limited 
to a small area and most of the specimen was in fairly good condition. 
It is believed that if some better way of measuring the total amount 
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of line corrosion were feasible, this specimen would not be so far out of 
place with respect to the others. Reduced corrosion on specimens of 
steeper pitch was also found for other forms of construction—as 
may be seen by comparing the results for specimens Nos. 21 and 23, 
and also for specimens Nos. 24 and 26. It is true that specimen 
No. 26 failed at about the same time as specimen No. 24, but the total 
amount of corrosion over the whole specimen was considerably less. 

The attempt was made to determine directly the effect of drying. 
Specimen No. 16 was provided with an electric heater which accel- 
erated drying. However, the specimen failed at the same time as 
No. 11, which was allowed to dry without artificial aid. The question 
arises as to whether the retarding effect of the more rapid drying 
may not have been overcome by an accelerating effect due to the 
much higher temperature. Specimen No. 15, which was kept con- 
tinuously wet except for one day each week, did not fail by definite 
line corrosion. Careful examination of this specimen while the test 
was in progress showed that the liquid between the flashing and the 
roofing was in continual motion. This motion was due to the slow 
steady flow of solution required to keep the specimen wet. On the 
specimens periodically wetted and then allowed to dry slowly the 
solution between roofing and flashing was in a quiet and undisturbed 
state during the period of drying. The test conditions were not the 
same in both cases, so that no comparisons of the results are made. 

Three possible methods of counteracting line corrosion were studied. 
These were painting of the flashing, separation of flashing and roofing 
by building paper, and variations in construction. 

The flashing on one specimen of each type of construction was 
painted with a heavy coat of red lead paint. The painting covered 
all of the flashing under the roofing and extended about one-half 
inch beyond the edges of the roofing. No comparison can be made 
for Type IV construction, since neither painted nor unpainted spec- 
imens showed any trace of line corrosion at the conclusion of the test. 
The unpainted (No. 21) and the painted (No. 22) specimens of 
Type II construction failed at the same time. On Types I and III 
the painted specimens showed somewhat increased test life. (Com- 
pare No. 17 with No. 11 and No. 25 with No. 24.) The painting 
apparently has some retarding effect, but not enough to warrant its 
use as a protective agent. 

A sheet of building paper between shingles and flashing increases 
the test life, as previously mentioned, but not enough to make this 
expedient of any great value. 

A number of intercomparisons are possible for the four types of 
construction tested. (See fig. 3.) Taking first the specimehs Nos. 11, 
21, 24, and 27, all with wood-shingle roofing on 1 to 3 slope, it is 
found that in order of increasing test life the types of construction 
are J, III, I, IV. Taking next the specimens with painted flashings 
(Nos. 17, 22, 25, and 28) we get the same order. Finally for the set 
of specimens on a steep slope (1 to 1 pitch, specimens Nos. 14, 23, 
26, and 30) we find the types of construction again ranked in the 
same order. 

The usual form of construction (Type I) thus appears to be the 
most susceptible to line corrosion. Type III construction, with a 
crimp in the copper which supports and raises the lower course of 
roofing, is a considerable improvement, though much inferior to the 
remaining two types. 
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While it does not offer complete protection, the Type IT construe. 
tion has certain advantages which may make its use desirable with 
with nonabsorbent roofings like slate or under conditions of servic¢ 
not highly conducive to line corrosion. In the first place, the flashing 
may be secured by cleats as is the usual practice. Secondly, the 
batten strips may be placed by the carpenter before the sheet-meta| 
man starts his work. Finally, there is no obstruction to the flow 
of any water which might seep through the shingles just above the 
batten strip. Also it might be added that any strips of wood of the 
right dimensions, such as laths, may be used as batten strips without 
special preparation. Since sharp bends are undesirable, the proper 
laying of the flashing is important. 

None of the specimens (Nos. 27 to 30, inclusive) of Type IV 
construction showed any signs of line corrosion at the end of the test, 
This type of construction then should prevent line corrosion, or at 
least retard it to such an extent as not to limit the useful life of the 
roof. The value of this form of construction is dependent on three 
considerations. First, only a very small fraction of the water falling 
on the roof can ever reach the junction between the batten strip and 
the flashing. Second, the batten strip is in close contact with the 
flashing and therefore little, if any, water can penetrate between the 
strip and the flashing. And third. if the strip is of hard, dense wood 
or is thoroughly waterproofed and has smooth surfaces, it will not 
hold water by capillarity to any appreciable extent. The strip 
then tends to prevent the formation of a slowly drying film of water 
such as causes line corrosion. 

In the absence of data to the contrary, it is reasonable to believe 
that the life of a flashing under actual service conditions on a roof 
will be directly proportional to its test life. The line corrosion 
produced by 138 test cycles on specimen No. 1, Type I construction, 
was about the same in amount as that which is produced in 15 years 
or more on a roof under the most severe conditions. Therefore if 
Type IV construction, which was unaffected by 475 test cycles, were 
used on a roof, the flashing would probably show no signs of line 
corrosion for 50 years or more. 


IV. DISCUSSION OF LINE CORROSION 


The localized intense corrosion, which we have called line corro- 
sion, is an interesting case of the type of attack occurring with differ- 
ential aeration. Figure 9 is a diagram showing, on a large scale, 
approximately the relation between roofing, flashing, and retained 
liquid and, the location of the line corrosion. It will be observed that 
the line corrosion is very close to the edge of the roofing, but definitely 
back of it. This has been checked on all the test specimens and on 
four available service specimens. We have then a leyer of liquid 
containing corrosive agents in contact with the flashing, part of the 
layer being exposed freely to the air and part being shielded by the 
overlying roofing. The corrosion of the flashing takes place near 
the region of separation between aerated and nonaerated portions 0! 
the solution, but under the nonaerated portion. 

Evans * has shown that, in general, when a metal is exposed to & 
solution, part of which is aerated and part nonaerated, the metal 


3 U. R. Evans, Corrosion of Metals, Arnold & Co, (2d ed.); 1926. Also, Corrosion of Copper and Copper 
Alloys, J. Soc, Chem, Ind., 43, p. 127T; 1924. 








Beil Corrosion of Open-Valley Flashings 951 


under the nonaerated portion will be anodic to that under the 
aerated portion and will be corroded. If the aeration is accompanied 
by agitation, such as stirring, copper is an exception to the general 
rule and the part of the metal under the aerated portion corrodes. 
However, if differential aeration can be secured without stirring, then 
capper will behave as other metals and the corrosion will take place on 
the nonaerated part. 

After a rainfall water containing dissolved impurities is retained 
on a valley flashing for some time in a quiescent state, approximately 
as shown in Figure 9. Near the solution-air interface there will be 
a very narrow cathodic area on the flashing under the aerated por- 
tion of the solution. Adjacent to this (under the roofing) will be a 
relatively wide anodic area under the nonaerated portion of the solu- 
tion. The current density over the anodic area will be a maximum 
along a narrow band close to the cathodic area, decreasing very rap- 
idly to extremely low values farther away from the cathodic area. 
Hence, practically 
all of the corro- 
sion will be concen- 
trated in a narrow 
band under the 
very edge of the 
roofing. 

Further studies 
would be required 
to work out the re- 
actions which take 
place with the var- 
ious solutions. In 
the tests no account 
was taken of carbon 
dioxide or other LINE CORROS/ON 
possible factors 
which may have Ficure 9.—Diagram of open-valley flashing to illustrate 
been present and manner in which line corrosion occurs 
certainly would be 
involved under service conditions. With the sulphur dioxide-sodium 
chloride solution, which produced rapid line corrosion, cuprous chloride 
and copper sulphate would be formed. There would probably be a 
tendency for the reaction products to move downward, under the 
action of gravity, toward the solution-air interface. The cuprous 
chloride, being insoluble, would be deposited over the flashing and 
oxidized, in part at least, to basic cuprous chloride by oxygen diffusing 
through to the deposit. This deposit would form an effective barrier 
to the further passage of oxygen, thus reinforcing the action of the 
roofing in preventing access of the air to the underlying copper. 
Any movement of copper sulphate downward would result in a greater 
concentration near the edge of the roofing. This may be a factor in 
the localization of the corrosion. 

If line corrosion is to take place on copper-valley flashings, three 
conditions must be fulfilled. First, the rain water falling on the roof 
must be contaminated by the atmosphere and by dust and dirt from 
the roof. The results of the first series of tests, and the fact that 
the known failures of flashings have occurred in cities not far from 
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the seacoast, suggest that line corrosion will not be serious except in 
the presence of both sulphur dioxide and sodium chloride. Second, 
rain water must be retained in contact with the flashing for an appre- 
ciable time after rainfall has ceased in such a manner that part of it 
is exposed freely to the air and part of it is shielded. And third, if 
the line corrosion is to occur in copper, the retained water must not 
be stirred or agitated. (Compare the results on specimen No. 15 of 
the second series of tests.) The remedy for line corrosion will con- 
sist of preventing the accumulation of any solution in such a manner 
that differential aeration may occur. The Type IV construction ful- 
fills the necessary conditions in so far as is possible with a reasonably 
simple and inexpensive construction. / 


V. SUMMARY 


The following conclusions are based on the results of the tests 
supplemented by data obtained from studies of flashing failures: 

1. Line corrosion of valley flashings can be reproduced by acceler- 
ated corrosion tests. 

2. Wood shingles are not the primary cause of line corrosion. 

3. Line corrosion may occur not only with wood shingles but also 
with slate, asbestos shingles, composition shingles, and, under excep- 
tional circumstances, even when one sheet of copper overlaps another, 

4. A solution containing a mixture of sulphur dioxide and sodium 
chloride produces line corrosion far more rapidly than solutions o! 
either substance alone. 

5. The rate at which line corrosion proceeds depends on the solu- 
tion and on the time during which the solution remains without 
motion in contact with the flashing. 

6. The length of time for which the solution remains in contact 
with the flashing after a rainfall depends on the porosity of the 
roofing. Hence, the more porous and absorbent the roofing material, 
the more rapid will be the corrosion. 

7. On all open-valley flashings, particularly in cities near the sea- 
coast where line corrosion may be expected, a batten strip should be 
inserted between the flashing and the roofing. This batten strip 
should be a smoothly finished hardwood strip, preferably water- 
proofed, having the approximate dimensions of a lath. It should be 
placed about 1 inch back of the edge of the roofing and nailed firmly 
and tightly to the flashing. There is reason to believe that, if this 
precaution is followed, no perceptible line corrosion will occur in 50 
years or more of service on a roof under the severe conditions such 
as are found in New York City and its environs. 


WasHINGTON, July 10, 1929. 
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COMPARATIVE PROPERTIES OF WROUGHT IRON MADE 
BY HAND PUDDLING AND BY THE ASTON PROCESS 


By Henry S. Rawdon and O, A. Knight 


ABSTRACT 


The hand-puddling method of making wrought iron has not greatly changed 
fora century. More economical methods in the manufacture of this product is 
the crying need of the industry. A radically new process, recently developed, is 
now coming into commercial use, in which pig iron, which has been refined in a 
Bessemer converter, is poured into molten slag so as to produce intimate mingling 
of the two. A comparison of the properties of wrought iron made thus with that 
made by hand puddling forms the subject of this report. The test results failed 
to show any marked difference in the products of the two processes. The new 
product appears to have all of the essential properties usually connoted by the 
name—wrought iron, 
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I, INTRODUCTION 


The need for more economical methods in the manufacture of 
wrought iron has long been recognized. As stated by Aston,! the out- 
standing needs of the wrought-iron industry are: Decreased cost of 
production and increased tonnage, the former being the more essential 
of the two. The realization of the importance of these needs is by 
no means new in the history of the industry. Shortly after the advent 
of the Bessemer process for manufacturing steel, attempts were 
started * for increasing the scale of production of wrought iron and 
these attempts have continued down to the present day, some of the 
processes developed being used commercially with very considerable 
success. Practically all of the processes, with one notable exception, 
which have attained any degree of prominence or success attempted 
to duplicate in a mechanical way the operations of hand puddling, 
this being generally done by means of a movable furnace. The charac- 
teristic features of the present-day mechanical-puddling processes for 
the manufacture of wrought iron have been described in the technical 
literature,* and further reference to them here is unnecessary. A few 
years ago a series of comparative tests was made by the Bureau of 
Standards of wrought iron made by one of these processes (footnote 
3 (c)), together with wrought iron made by the same company by the 
usual hand-puddling method from pig iron of the same heat. One of 
the conclusions expressed as a result of these tests, a report of which 
has been published,‘ was as follows: 

The tests of two lots of wrought iron made by two distinctly different puddling 
processes have not shown anything to indicate that the hand-puddling product 
can not be equaled in an iron made by a mechanical-puddling process. 

About a year ago the attention of this bureau was directed to the 
successful development, on a commercial scale, of a process for the 
production, by a very novel process, of a wrought iron which appears 
to possess the essential characteristics which are usual!y associated 





1 James Aston, Trend of Development in the Wrought Iron Industry, Am. Inst. Min. Met. Eng., Pam- 
phlet No. 1595-C; October, 1926. 

2 Thomas Turner, Metallurgy of Iron, 5th ed., p. 387, Charles Griffin & Co.; 1918. 

Symposium on Wrought Iron: (a2) H. E. Smith, Manufacture and Use of Wrought Iron; () F. H. 
Dechant, Ely Process of Mechanical Puddling for the Production of Wrought Iron; (c) J. P. Roe, Roe 
Puddling Machine; (d) James Aston, Problem of Wrought Iron Manufacture and a New Process for Its 
Production, Am. Iron & Steel Inst. Yearbook, 14, p. 117; 1925. See also footnote 1. 

4 Henry S. Rawdon and Samuel Epstein, Observations on Phosphorus in Wrought Iron Made by Dif- 
ferent Puddling Processes, Amer. Iron & Steel Inst, Yearbook, 16, p. 117; 1926, 
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with the time-honored product of the hand-puddling method. This 
new process differs radically in a good many respects from the con- 
ventional method of puddling. In this process, which will be referred 
to hereinafter as the ‘‘ Aston process,” after its inventor, Dr. James 
Aston, the essential objects accomplished in the puddling process as 
ordinarily understood, are attained in a unique manner. The melt- 
ing of the raw material (pig iron) is done in a cupola, the refining of the 
molten metal in a Bessemer converter, the production of the slag of 
proper composition in an open-hearth furnace by itself, and the 
mechanical disintegration of the iron and the incorporation of the 
slag with it are attained by pouring a charge of the molten refined iron 
into a bath of the molten slag. The squeezing of the “ball” of iron 
into convenient form for working, although done somewhat differ- 
ently from the method ordinarily employed with the hand-puddled 
product, involves no new principle, nor does the mechanical working 
of the squeezed iron into suitable form for handling in the sub- 
sequent operations. 

This process has definitely passed the experimental stage and the 
product is now being produced on a tonnage basis, practically all of 
it being used in the manufacture of pipe. The United States Gov- 
ernment is a purchaser of considerable amounts of wrought-iron 
pipe and has drawn up specifications ® covering such material. In 
view of this fact, therefore, together with the interest of the Bureau 
of Standards in obtaining information on new important industrial 
processes, a study of the properties of this material by the bureau 
was deemed both proper and desirable when the bureau was approached 
by the manufacturers in this matter. The study was undertaken 
on the research associate plan,® the investigator appointed for carry- 
ing out the work being O. A. Knight, associate professor of metal- 
lurgy, the Pennsylvania State College. The work was supported 
by the manufacturers, the A. M. Byers Co. 


1. RESUME OF THE ASTON PROCESS 


This process differs from puddling, as ordinarily understood, in 
that the various objects to be accomplished are brought about as 
distinct steps carried out in separate furnaces or other units, instead 
of being a single-furnace process the nature of which gradually 
changes as it proceeds. The description of the operations given 
below is based upon observations made in the mill and represents 
the practice at the time the observations were made, but not neces- 
sarily all details as carried out at present. In melting the pig iron, 
which was of Bessemer grade, standard cupola melting practice was 





‘Federal Specifications Board specification No. 242, Pipe, Wrought Iron; 1925. 
‘B.S. Circular No. 296, Research Associates at the Bureau of Standards. 
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followed. Mention should be made of the treatment of the molten 
metal with soda ash to offset sulphur “pick-up” in the cupola. About 
40 to 50 pounds of soda ash (anhydrous sodium carbonate) was placed 
in the ladle into which a charge of approximately 5,500 pounds of 
molten metal was tapped from the cupola. A period of about 15 
minutes was required for this amount of metal to flow and this insured 
thorough mixing and plenty of time for the desulphurizing reactions 
to occur. The metal in the ladle was then skimmed free from slag 
and charged into the Bessemer converter. 

A 2-ton side-blown converter was used, the “blow” usually lasting 
about 18 minutes. The composition of the blown metal is given in 
Table 1. After blowing, the metal was tapped into a lip-pour ladle 
and the slag raked off. No additions of manganese, silicon, alumi- 
num, or other deoxidizing or degasifying agents, such as are used in 
steel manufacture, were employed. The metal was “shotted” 
the condition as teemed from the converter. The ladle of metal 
was conveyed by means of a crane, which also carried scales for 
weighing the charge, to the ‘‘shotting cup” for the ‘“‘shotting’ 
operation, that is, the treatment of the metal with slag. Working 
drawings of one of the cups, which were made of cast iron and lined 
with fire brick, are given in Figure 1. A number of these cups, to 
be used in succession, are necessary in regular mill procedure. 


TaBLE 1.—Results of chemical analysis of metal at different stages of process! 


Cupola iron ? 


Before! 
soda- 
ash | After soda-ash addition 
addi- | 
tion | 


““Blown”’ metal 3 Wrought-iron muck, bar? 











0.02 0. 048 (0.100 /0. . 4 0.031 |0. 100 
.04 | .040 | .103 | .0: . 0 ‘ .027 | .097 

057 | 5 x : .037 | .118 
042 | .112 
-042 | .130 


‘ ¥ 03 | .04 | .043 | .126 
. 06 . 06 .03 | .04| .038 | .120 
. 99} .07 | .046 | .03 | .04| .037 | .120 
= umes 93 | .08 | . 041 .008 | .03 | .04/ .031 | .124 


.079 . 03: B . 08 | . 043 | ; : 928 } .124 
.091 | .51 | 043]. 1.15 | .06} .03 | .056|. ‘ ‘ 03 | .642 | .120 
. 100 ; i . 06 | . 04! ; .02} .03 | .088 | .148 
-110 ; 4! Ct een : ii. 040 | .126 


' 









































1 The data given here were taken at random from the daily laboratory records of the A. M. Byers © 
covering a period of about 6 months at the mill at Warren, Ohio, by O. A. Knight. 

2 All figures are in —— 

2 Method described by Westcott, Eckert, and Einert, Ind. Eng. Chem., 19, p. 1285; 1927. 
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Ficure 1.— Drawing of the shotting cup 


Furnished by the manufacturers. 
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The shotting operation was carried out as follows: (1) Molten slag 
was poured into one of the cups until it was slightly less than two. 
thirds filled, (2) the ladle containing the blown metal was then 
moved up to this cup, and (3) molten metal was poured slowly over 
the lip of the ladle into the slag at a rate of about 1 ton in three 
minutes. (Fig. 2.) Only half of the charge of blown metal was 
poured into one cup, thus one ladle of blown metal furnished two 
balls, each weighing between 2,200 and 2,500 pounds. By observing 
the scale on the crane carrying the ladle a rather accurate division of 
the charge of the molten metal was possible. The height of the lip 
of the ladle above the slag surface in the cup was about 9 feet. The 
practice was followed of pouring about 800 pounds of the metal near 
one end of the cup, a like amount near the other end, and the re- 
mainder near the middle of the cup. The temperature of the molten 
slag must be maintained considerably below that of the molten iron 
which is to be poured into it. If no precautions were taken the 
temperature of the slag might rise sufficiently, as a result of the 
heat liberated by the iron as it passes from the liquid state upon 
‘quenching, to interfere seriously with the efficacy of the slag as a 
quenching medium. An undue rise of temperature of the slag was 
prevented by throwing a shovelful of cold granulated slag into the 
shotting cup from time to time. This also served to prevent “boiling 
over” of the slag in the cup, which might otherwise occur as a result 
of the vigorous gas evolution which takes place when the stream of 
molten metal is poured into the molten slag. During the course of 
the shotting operation the cup had the appearance of being full. 
However, the boiling subsided quickly as soon as the last of the 
molten metal had been added and, when quiet, the cup was only 
slightly more than two-thirds full. The excess slag was then de- 
canted into the cup which was to be used next (fig. 3), and the “ball” 
was dumped onto a carriage (fig. 4) and was ready to be taken to 
the press. 

TaRLe 2.—Results of chemical analysis of shotting slag ! 





Before shotting ? After shotting ? 





SiO, P ) ‘e Fe:04 





7.78 . 0. 197 36. 36 77. § 8.38 
8.90 § . 200 9,97 
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11. 08 - 92 352 : 5. 7, 46 
10. 58 R ‘ 52. ae 10, 05 


ee 
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10. 36 2.1: 

10. 42 0: of 3. i 12.40 
10. 34 < : 53, 10.87 


as 


ee 
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1 The data given here were obtained in the same manner as those in Table 1. 
4 All results are in percentages. 
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Figure 2.—The shotting operation 


The metal in the tilted ladle has just come from the Bessemer converter where it has been 
“blown.” Note the surface of the slag in the lower container, the shotting cup, which nearly 
reaches the top of the cup on account of the vigorous gas evolution produced by pouring the 
molten metal into the molten slag. 
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Figure 3.—Decanting the excess slag after the shotting operation 


The slag is poured into another cup to be used for shotting the next ladle of metal. Note the ball 
within the upper cup. 
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Fiaure 4.—The ball after being dumped from the shotting 
cup 


It is now ready for the squeezing operation. 














Figure 5.—The bloom as it comes from the press 


Much of the slag has been squeezed out and the material is quite compact. It is now 
ready for the rolling mill where it will be rolled into muck bar. 
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The slag into which the metal was poured in the shotting operation 
was prepared in a 15-ton: tilting open-hearth furnace. The composi- 
tion of this slag was close to the average composition of that which 
is formed in ordinary puddling. (Table 2.) The effect produced 
by the shotting operation evidently depends mainly upon the differ- 
ence in temperature between metal and slag and the evolution of gas 
which occurs when the two materials are brought together. Previous 
observations in the mill had indicated that the temperature of the 
molten slag within the cup was somewhat above 1,315° C. (2,400° F.), 
whereas the temperature of the molten metal was considerably higher, 
being approximately 1,540° to 1,590° C. (2,800° to 2,900° F.). The 
sudden violent evolution of gas which occurs as the metal is poured 
into the slag comminutes it into a relatively fine state of division, thus 
facilitating the incorporation of the slag within the metal. The 
particles of metal accumulate in the lower part of the cup and agglom- 
erate into a coherent spongy mass or “‘ball”’ resembling in all essential 
respects, except size, that taken from the puddling furnaces. 

The squeezing of the ball to free it from excess slag did not differ 
in principle from the similar operation in connection with ordinary 
puddling. In this case, however, a hydraulic press which squeezed 
the ball on the four sides and the ends was used. A fairly compact 
bloom measuring approximately 12 by 14 inches by 5 feet was the 
result. The bloom is shown in Figure 5 on its way to the rolling mill, 
where it was given nine passes in a 29-inch mill and seven in a 24-inch 
mill which reduced it to the form of muck bar three-fourths inch 
thick by 8 inches wide. The composition of the muck bar is given 
in Table 1. The lower carbon content of the muck bar as compared 
to the blown metal is to be attributed to the effect of the shotting. 
The increase in the silicon content is, of course, the result of the 
mechanically included slag. The effect of the desulphurizing action 
of the soda-ash treatment of the cupola metal is unmistakable. It 
would appear also that a slight decrease in sulphur content accom- 
panies the shotting operation. 


II. PURPOSE AND SCOPE OF THE INVESTIGATION 


As stated above, iron made by the Aston process is now a com- 
mercial product, being sold under the same designation as is the 
product of the older and more familiar puddling process, and intended 
for the same usage. It has been tacitly assumed by the manu- 
facturers that the two materials are not essentially different and 
that the newer product, regardless of the novel features of its method 
of production, is fully entitled to the name, ‘wrought iron.” 

The matter of the definition of wrought iron; that is, whether 
this material should be defined mainly in terms of the process by 
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which it has been produced or by the properties which it possesses 
is of some importance in the preparation of specifications. It was 
considered, however, that a determination of the properties of the 
new wrought iron, particularly as compared with those of wrought 
iron made by the hand-puddling process, was a matter for more 
immediate consideration. This was made the main purpose of the 
investigation, therefore, and this report summarizes the results ob- 
tained in a comparison of the properties of the two types of material, 
Both materials are referred to herein as ‘‘wrought iron” for con- 
venience in discussion. It is believed that the question of the 
inclusion of the new product under the term “wrought iron’’ in 
specifications is a matter that will automatically settle itself one way 
or the other in accordance with the degree of similarity of the two 
types of materials. 


Ill. MATERIALS AND METHODS 
1. MATERIALS 


(a) PIPE 


Since iron made by the Aston process is being used commercially 
only in the form of pipe, the majority of the tests which were carried 
out were on pipe materials. In addition to the tests of the finished 
pipe, l-inch butt-welded pipe being used throughout, similar tests 
were made on the pipe skelp, and on the muck bar, or “first rolling,” 
which is the product which is sheared into short lengths, piled 
together, reheated, and rolled into the form of skelp. Some observa- 
tions were also made upon the ball before it had been subjected to 
any working whatsoever. In all cases the tests were carried out on 
both hand-puddled iron and on the new product, the two materials 
being the products of the same manufacturer. In the case of skelp 
and pipe, similar tests were also made on a composite iron made by 
using 50 per cent of each of the two irons in the form of sheared 
muck bar in forming the “pile” which was heated and rolled into 
the form of skelp. The pile was similar to a sandwich in that the 
hand-puddled iron formed the surface layers and the new-process 
iron the central part. All samples used throughout were taken 
under the supervision of the authors and represent “run-of-mill” 
material, unless stated otherwise. 

In selecting the samples of muck bar and skelp, four different 
strips were chosen at random, as they were rolled, and pieces were 
cut from three positions along the length representative of the 
“front,” “middle,” and “back” of the strip as rolled. The purpose 
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of using three samples from a single strip was to show the degree of 
uniformity of the material. The pipe samples were 10-foot lengths 
of commercial black pipe of the three kinds—hand-puddled iron, 
new-process, and the composite iron formed of equal parts of the 
other two. Three samples of each kind of pipe were used, the 
selection in each case being made at random. 

The identification mark, which was stamped on each sample at the 
mill, was chosen so as to show (a) the nature of the iron (HP, hand- 
puddled iron; A, iron made by the Aston process; AHP, the com- 
posite iron); (6) the position of the sample in the strip, skelp, or 
muck bar, as rolled (F, front; M, middle, B, back); and (c) the 
number of the sample strip or pipe (1, 2, 3, 4). Thus, for example, 
“HPF1,” as relating to skelp indicates the piece cut from the front 
end of the hand-puddled skelp strip No. 1. These designations will 
be used in summarizing the test results later in this report. 


(b) ROUNDS 


In addition to the tests on pipe materials, some work was done 
on l-inch rounds of the new wrought iron. Although the new 
product is not being used commercially in this form, as yet, wrought 
iron in this form is widely used. These rounds were prepared espe- 
cially for this work. By using material in this form it was possible 


to carry out a number of additional tests which were not practicable 
with the pipe materials. A rather extensive series of tests on 1-inch 
rounds of high-grade hand-puddled wrought iron made by several dif- 
ferent manufacturers has already been carried out by the bureau,’ 
and the results of these tests were used for comparison with those 
obtained with the new iron. 

Three lots of 1-inch rounds were rolled from the same bloom, 11% 
by 13 inches in cross section, the amount of working received being 
different for the three. In the preparation of one lot, which will be 
referred to as “‘direct rolled,” the bloom was rolled, without reheating, 
into a billet, 4 by 4% inches in section, a part of which, after reheating, 
was rolled directly into the form of 1-inch rounds. In the prepara- 
tion of the other two lots the rolling of the billet was carried far 
enough to produce muck bar, % by 4% inches in section, which was 
then sheared into shorter lengths, assembled into 8-high piles and 
reheated. One pile was rolled directly into 1l-inch rounds, which 
will be referred to as ‘“‘single refined.” Another 8-high muck-bar 
pile, after reheating, was rolled into bar form, % by 4% inches in 
section. This, in turn, was sheared into short lengths, assembled 


’H. S. Rawdon and S. Epstein, The Nick-Bend Test for Wrought Iron, B. S. Tech. Paper No. 252; 
1924. Proc, Am. Soc. Test. Mtls., 22, Pt. II, p. 193; 1922. 
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into an 8-high pile, reheated, and rolled into 1-inch rounds. This lot 
-of material will be referred to as ‘‘double refined.” 


(c) SLAG 


The observations which were made upon the slag were on rather 
large masses of the slag as well as upon slag recovered from the 
finished pipe. In the case of the Aston process, a small “ingot” 
of slag was poured into a chill mold, whereas in the puddling process 
a rather large piece was raked out of the furnace. Observations were 
also made on samples obtained by collecting the slag as it dripped 
from the ball. 

2. METHODS 


In addition to the test methods which are commonly found in 
specifications for wrought-iron pipe and bar stock, a number of other 
tests were used, which, it was thought, might reveal important 
differences in the materials if they existed. Chemical analyses were 
made of both iron and slag. The physical testing methods used 
included density determinations as well as the usual tension, torsion, 
impact, and flattening tests. The structural examination of the 
materials, from both the microscopic and the macroscopic aspect, 
constituted an important part of the study. Laboratory corrosion 
tests were carried out on the finished pipe by various accelerated 
methods in both tap water and sea-salt solution, together with some 
observations on the relative electrolytic solution potentials of the 
two types of iron. Observations were also made in the mill for the 
purpose of comparing the behavior of the irons in welding, galvanizing, 
and machining. 


IV. RESULTS 
1. COMPOSITION 


The samples used for chemical analysis consisted of short lengths 
from each end of three 10-foot lengths of the new-process iron pipe, 
from each end of a similar length of hand-puddled iron pipe, and 
from each end of a similar length of pipe made of the composite iron. 
The results are given in Table 3. It is apparent from these results 
that there is no marked difference in composition between iron made 
by hand puddling and that made by the new process. The carbon 
and phosphorus contents were found to be consistently lower in the 
new iron than in the hand-puddled product, but the sulphur content 
was somewhat higher. The latter was lower than the average shown 
by the mill analyses made on muck bar (Table 1), as was the carbon 
content also. 





Rawdon} Hand Puddled and Aston Process, Wrought Iron 963 


Knight 
TABLE 3.—Results of chemical analysis of the three types of pipe used 3 


[A=new-process iron, HP=hand-puddied, AH P=composite iron; x and y indicate the two ends of the 
pipe; 1, 2, or 3 indicate the number of the pipe] 





——. 


Determination 





Pipe material 


uy bi ial a 8 Si | Slag? | .P 


(slag) Cu 


Per cent Per cent| Per cent| Per conf Per cent Per cent 
0.100 | 0.0% : 2.6 








. 135 | 














1 —— by H. A. Bright, associate chemist, Bureau of Standards. 
1Jodine method. See Proc. Am. Soc. ‘Test. Materials, 25, pt. 1, p. 79; 1925. 

The chemical composition of the slag used in the Aston process 
and that produced in the hand-puddling process was determined. 
In each case a large lump of slag, as stated above, was used for 
sampling, as well as slag drippings from the wrought-iron ball. In 
addition, analyses were made of the slag recovered by dissolving a 
sample of the pipe in an iodine-potassium-iodide solution. The 
results are given in Table 4 


TABLE 4.—Chemical composition of slag ! 





| Determination 





| FeO | FexOs | SiO: | PxOs | MnO | CaO | AbOs 


Material 





|Per cent| Per cent) Per cent| Per cent| Per cent| Per cent) Per cent 

Slag, Aston process, lump.....---.----.---.--| 71.0 10.3} 12.0 
Same, recovered from the pipe ? 57.0 ’ 9.0 
Same, obtained as ‘‘drippings 

bali’? a -| 70.7 
Slag, hand- -puddling } proce SS, ‘lump... 66. 2 
Same, recovered from the pipe ? 63. 0 
Same, obtained as ee ¥ 

all’’ nite 67.5 | 


i | 














1 Analysis by H. A. Bright and C. P. Larrabee, Bureau of Standards. 
? The slag was separated from_the pipe by the iodine method. 


The composition of the slag used in the new process, as determined 
on a lump sample, agreed well with the average composition shown 
by the mill laboratory records. The differences in composition of 
the two types of slags (as determined on comparable samples) were 
slight. Too much significance should not be attached to the apparent 
difference in composition of the slags determined on the residues 
obtained by dissolving a sample of the finished pipe as compared 
with the same slags in lump form. The Fe,O : FeO; ratio of slag 
recovered as a residue after dissolving the iron may be altered as a 
result of the method used in recovering the slag. 
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2. DENSITY 


The density of the three irons in various stages of working was 
determined, the results being summarized in Table 5. On account 
of the porosity of these materials, the results should not be cop. 
sidered as indicating in all cases the true density. The results agree 
well, however, with other published results for the density of wrought 
iron and are believed to give reliable indications as to the relative 
densities of the three materials and of the variations in density 
in any one product. It will be noted that the average density of the 
iron made by the Aston process was consistently slightly higher in 
all of the products than that of the other two irons. In the case of 
the pipe, however, the difference between maximum and minimum 
for the new-process material was slightly greater than for the other 


pipe. 
Tas.e 5.—Density of wrought iron in various stages of working ' 


{A=iron made by Aston process; H P= hand-puddled iron; AH P=composite iron containing 50 per cent of 
each Aand HP. F, M, and B=front, middle, and back, respectively, x and y indicate the two ends of 
the pipe length] 





Material y 
Density, 
g/cm, 
25° C, 





Rolled product Sample 


Average 
HP? i.... 
HPM1-. 

HPB!.... 


HPF?2.... 


DIE ida cgncinndscanctadbaguwonid 


Average 


Aston Nk induces udibnse pivaibtaadethahamaisit 


Average 


rHPF1....... 7 
|W PM1.__.. 
HPB1 


chy, ee 
HPM4.... 
bg Sehee 


Hand-puddled 


Average 











1 Density measurements by E. L. Peffer, physicist, Bureau of Standards. 
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TABLE 5.—Density of wrought iron in various stages of working—Continued 





Material . 

Density, 
g/cm, 
25° C, 





Rolled product Sample 





AHPF1.-- 
AHPM1 
AHPBI1-__- 


AHPF4 
AHPM4_. 
AHPB4... 


Composite 


| a ee = 


Aston 


Average 


Hand-puddled 








Average 


AB Piz... 
AHPly--- 





Composite 








Average 





3. MECHANICAL PROPERTIES 


(a) PIPE MATERIALS 


The behavior of the three irons, in the form of muck bar, skelp, 
and pipe was determined under tension. Torsion tests and also 
flattening tests were made of the finished pipe. 

(1) TenstLe Proprerties.—The tensile properties of the iron in 
the form of muck bar (one-half inch thick) were determined on 20-inch 
specimens with a reduced section 1% inches wide. The elongation 
was measured over both an 8-inch and a 2-inch length. The skelp 
specimens were of the same size, except in thickness which was that 
of the skelp strip as rolled. This was approximately 0.133 inch, 
including the surface scale (0.03 inch), which flaked off during the 
test. All of the tests were made with an Amsler tension testing 
machine of 50,000 pounds capacity. For a number of the specimens 
of each of the three irons, the Ewing extensometer was used in order 
to obtain the necessary data for the stress-strain curves. These 
curves for the muck bar and skelp are given in Figures 6 and 7, 
respectively. 
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Figure 6.—Stress-strain curves of wrought iron in the muck-bar condition 


tested in tension 





w e 
ft o 


Nn 
@ 


= Ly 
a ° 


ry 


STRESS — THOUSAND POUNDS PER SQ INCH 
tv 
ba 





WROUGHT IRON PIPE 
SKELP 
© HAND PUDDLED 
@ NEW PROCESS 
(ASTON) 7 
@ 50-50 MIX OF ABOVE 
F, M,B;- FRONT, MIDDLE, 4 
AND BACK, OF A ROLLING 
OF SKELP 


0. — ey 





4. diene i. 4. 





° 


ja alles PER INCH 


Ficure 7.—Stress-strain curves of wrought iron in the form of pipe skelp 


tested in tension 
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The tensile properties of the two irons in the muck-bar state are 
summarized in Table 6 and of the skelp in Table 7. Here and else- 
where, ,the test results have been “rounded off” to the nearest 
50 pounds. 

Tension tests of the pipe were made on full-size specimens as well 
as on strips machined from the pipe. The average dimensions of the 
pipe, which was nominally a 1-inch pipe, were: Inner diameter, 
1.05 inches; outer diameter, 1.325 inches. Eighteen-inch specimens 
from each end of three lengths of pipe were used. Snugly fitting 
plugs of mild steel were inserted in the ends of the pipe specimens to 
prevent them from collapsing in the jaws of the testing machine. 
The length of specimen between the jaws was about 10 inches. The 
results of these tests are given in Table 8. 


TABLE 6.—Tensile properties of wrought iron in the muck-bar state 


[A=iron made by Aston process; HP=hand-puddled iron; F, M, and B=front, middle, and back of the 
muck-bar strip as rolled] 





Tensile properties 


. Elongation 
Yield Ultimate . Reduc- 
point 1 TD oes = tion of 
strength | 2inch | Sinch | Fea 





Lbs./in.? | Lbs.jin.2 | Per cent | Per cent | Per cent 
21, 300 | 32, 800 12. 5 6.5 12.5 


20, 800 | 43, 300 34.0 21.5 
20,000 | 38, 500 18.5 11.5 
| | 


20,850 | 38, 000 17.5| 10.5 
20,650} 41,350} 285 18.5 
20,000 | 31, 450 (2) | (?) 


| | 
21,800 | 39, 900 25. 12.5 
21,200 | 42,250 | 27.5 | 20. 0 
21,250 | 43, 500 | 5 | 22. 5 


20,870 | 39,000 


HPF1 (*) =| 313,600 

HPF1 25,500 | 40, 350 | 
| 

HPM1. 24,300 | 34, 000 | 

HPM1. 27,000 | 40, 550 | 
| | 

HPB1 29,400 | 42, 400 

HPBI 28,000 | 49, 300 | 


26,840 | 41, 320 | 
































1 From stress graph drawn by the Amsler machine. 

1 Broke outside of gage marks. 

’ Broke within the jaws of the machine at a weak spot. 
‘Specimen too rough to show the gage marks, 
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TaBLE 7.—Tensile properties of wrought iron in the form of pipe skelp 


[A=iron made by Aston process; HP=hand-puddled iron; A HP=composite iron, equal parts of A and 
HP; F, M, and B=froxt, raiddle, and back of the strip of skelp as rolled] 








Tensile properties 





| 
Yiela |* 
point! | . 


Material 


Jitimate Elongation Redne. 
tensile [——— 1] — tion of 


Dbs.jin.? 


Averarce_. 


HPF1. 
J, == 
HPM1_- 
HPM1 


HPBI 


Average. -.__- 


AHPFI 
AHPF1... 


AHPHI 


APPS. ..... 
AHPF2¢___- 
AHPM2... 
AHPM2?2... 
AHPB2.. 
AHPB2.._- 


29, 550 
33, 100 
30, 550 
31, 000 
31, 800 
30, 550 


32, 
28, 800 


29, 700 
32, 5 


29, 850 
28, 750 
28, 600 
26, 500 
31, 900 
30, 450 


29, 500 
32, 650 
31, 500 
28, 300 


27, 100 | 


30, 450 | 


32, 000 | 
32, 500 


strength 


Lbs./in.? 


2-inch 


Per cent 


Per cent 





44, 100 26. 5 21.0 

7, 200 ' 22. 5 
44, 950 22, 18. 0 
48, 000 7. 17.5 
47, 200 33. 24.5 
45, 800 5 22. 5 


44, 600 . 17.0 
44, 400 , 15.0 
41, 600 12.0 
44, 550 (*) 

42, 400 11.5 
45, 000 16.0 


44, 500 
43, 000 
44, 200 
42, 000 
45, 000 
42, 150 


cq 
S855 Sa°R 
cocooso oo 


44, 650 
46, 900 
48, 200 
44, 550 
45, 500 
48, 200 


oe 
ISN 


area 


Per cent 
4.1 
23.7 
20,2 
22.5 
25.2 





30, 400 


32, 500 
34, 000 
31,300 
32, 000 
33, 600 
36, 100 





32, 350 
34, 000 
31, 500 
32, 350 
36, 5 


36, 450 


33, 000 
34, 350 
32, 050 
32, 000 
33, 850 
34, 000 


34, 500 
34, 150 
34, 850 
33, 000 
| 33,850 
36, 300 





44, 940 


6, 750 


46, 550 
44, 350 
40, 500 
42, 800 
46, 250 
47, 800 


42, 000 
45, 950 
42, 400 
45, 550 
43, 450 
43, 000 


43, 500 
42, 300 
45, 450 
41, 100 
45, 000 
46, 450 








1 F.om stress graph drawn by Amsler machine, 
? Broke in fillet, 





44, 730 


——————— 


41,100 
42, 500 
40, 500 
43, 100 .f 
42, 800 6 
40, 000 a) 


38, 000 9.0 
31, 300 5. 5 
29, 400 11.0 
36, 050 9.0 
43, 550 18. 5 | 
40,750 12.0 








~ 
SP PND OH 
Aoanscocn 


3 Broke outside of gage points, 
$ Rough defective specimen. 
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TaBLE 7.—Tensile properties of wrought iron in the form of pipe skelp—Continued 


[A=iron made by Aston process; HP=hand-puddled iron; AHP=composite iron, equal parts of A and 
; HP; F, M, and B=front, middle, and back of the strip of skelp as rolled] 





Material , Ultimate Elongation 
tensile 
strength 8-inch 








wit Lbs.fin.2 Per cent 
AHPF3 600 44, 150 a 
AHPF3 : 44, 600 


_ _ 
PP PN POCPSOrs 


s/O Caaa Cacao” 


-~-~ 
7] 
© 


AHPB4 
AHPB4.....--- naa AE ERE E BA MENS 





bo | 


Average 




















2 Broke in fillet. § Broke outside of gage points. 
TABLE 8.—Tensile properties of 1-inch wrought-iron pipe, as determined on full-size 
specimens 


{A=iron made by Aston } gag ear HP=hand-puddled iron; AHP=composite iron containing equal amounts 
of A and HP; x and y indicate the two ends of the pipe length from which specimens were cut] 





Tensile properties ! 





Designation of material Yield | Breaking| Elonga- 


: tion 
point load (8-inch) 





Pounds | Pounds 
17, 050 y 





24, 700 


26, 900 
25, 700 
27, 300 
26, 850 
27, 550 


27, 700 








27,000 
25, 650 
24, 550 
25, 400 
J J : 25, 700 
AHP3x 25, 750 
AHP38y 25, 000 


25, 350 














Average . 18, 700 





Average tensile 
properties ? 





re Ultimate 
Yield tensile 


point strength 











Lbs.jin. | Lbs./in. 
33,150 | 47,250 
36,900 | 51,600 

48, 450 





1A Riehle testing machine 100,000-pound capacity was used; yield voint was determined by drop of 
eam, 
* Broke outside of gage marks 
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In many specifications for pipe the tensile properties may be 
determined on strips cut from the pipe instead of on full-size pipe 
specimens. Although it is usually intended that the strip method 
shall apply only to pipe of relatively large diameter, it is sometimes 
used for pipe of small diameter. It was considered of interest, 
therefore, to determine the tensile properties of the three types of 
pipe on longitudinal strips machined from the pipe. Eighteen-inch 
specimens were machined without any flattening of the pipe, so that 
the edges were parallel (not radial). The width in the shoulders 
was 2 inches and in the central portion, over a length of 10 inches, 
the width was 1 inch. The specimens were tested in an Amsler 
machine, special grips being used so as to maintain the original 
curvature throughout the test. It will be noted, by comparing the 
results (Table 9) with those in Table 8, that the most marked effect 
produced by using specimens of this form was the lowering of the 
elongation. 

(2) TorstonaL Proprertizes.—Torsion tests were made on four 
specimens of each of the three kinds of pipe. The specimens for the 
tests, which were carried out in a Riehle torsion testing machine of 
60,000-pounds capacity, were 44 inches in length and the ends were 
plugged as in the tension tests of pipe. The length of the specimen 
between grips was 38 inches. The results obtained are summarized 
in Table 10 and the appearance of the pipe after testing is shown in 
Figure 8. 


TaBLe 9.—Tensile properties of 1-inch wrought-iron pipe determined on longi- 
tudinal strips machined from the pipe 


{A=iron made by Aston process; HP heat -gettes ha AHP=composite iron containing equal parts 
of A and HP] 





Tensile properties 
Material = Ultimate | Elonga- 
I tensile tion (8- 
Strength | inch) 





Lbs./in.? ./in.? | Per cent 
36, 300 2 9.0 
33, 400 7 
36, 650 
33, 700 
35, 700 
35, 150 


ge 
[—) 


— 
S\|eorsT 
So onaaeom 








35, 150 | 
37, 500 | 
35, 900 | 
38, 500 
45, 750 
39, 850 
40, 750 


| 





= 
pHa op 


o orn cowe 





39, 700 


| 





36, 100 
36, 150 
38, 100 
34, 100 
38, 950 
37, 400 


36, 800 


SO rIS 
o aoocosnc 
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Figure 8.—Appearance of the pipe after the torsion test 
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TABLE 10.—Torsional properties of 1-inch wrought-iron pipe 


{A=iron made by Aston process; taeda 6 ~ | iron; AH P=composite iron containing equal parts 
; A and HP] 





Torsional properties 





Material Maxi- 
mum 
moment 


Total number of 
360° twists 





In./lbs. y; Turns 
9, 850 1, 260 3.5 
10, 700 1, 465 4. 07 
10, 300 1, 340 3.72 
10, 750 1, 380 3. 83 


10, 395 1, 361 


TL SRO ESS 5 SRS See Cea 9, 600 380 
PERE AS Ore 11, 650 1,170 
11, 450 


10, 985 871 


LO, 450 1, 260 
11, 100 1, 450 
9, 850 810 
10, 750 1, 500 





~I 
z 

















SRSSIEISKES 

















S] PPPS TS | SPerp 


Average... .-.- Biicachxdnesctdendenednanes 0, 540 1, 255 


ra 
a 





1 By drop of beam, 4 The weld parted at the load end during the test. 


(3) Fuarrentne Trsts.—Six specimens, each 6 inches long, of each 
of the three kinds of wrought-iron pipe were used in the flattening 
tests. The load was applied perpendicularly along the entire length 
of the specimen and at 90° to the weld. Table 11 contains the results 
of the tests. 


TABLE 11.—Results of flattening tests of 1-inch wrought-iron pipe 


{[A=iron made by Aston process; HP=hand-puddled iron; AHP=composite iron containing equal parts 
of A and HP} 








: Maximum 
Material load 





All fractures were fibrous, no defective welds revealed. 


Not across the weld. 








All fractures were fibrous, no defective welds revealed. 


Not across the weld. 








All fractures were fibrous, no defective welds revealed. 


Average 








77886°—29 
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(b) 1-INCH ROUNDS 


The 1-inch rounds used were not available as a commercial product 
and were made especially for this study. In addition to tension and 
torsion tests which were also made on the pipe materials, several other 
mechanical tests which can not be carried out readily on pipe or on 
flat strips were made. 

(1) TensrteE Properties.—The tensile properties of the wrought 
iron made by the new process in the form of 1l-inch rounds were 
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Fiaurer 9.—<Stress-sirain curves of wrought iron made by the Aston process 
in 1-inch rounds tested in tension 


determined on both the full-size bar and on specimens machined from 
the bar. The results are summarized in Table 12. In the case of the 
machined specimens, strain measurements were made by means of the 
Ewing extensometer and the curves summarizing these results are 
given in Figure 9. It is very evident from the results obtained that 
the tensile properties of the iron were only slightly changed by the 
“refining” given the material before rolling into the form of 1-inch 
rounds. The tensile strength was lowered slightly and tie elongation 
increased somewhat as the amount of working given the material 
was increased. 
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TaBLe 12.—Tensile properties of wrought iron made by the Aston process rolled 
into the form of 1-inch rounds 


TESTS MADE ON FULL-SIZE BARS, 18 INCHES LONG 





Tensile properties 





mars Yield Iritimate | Elongation | Reduc- 
int 1 tensile | tion of 
I strength | 





2-inch 8-inch 





Lbs./in. | Lbs./in.2 | Per cent | Per cent 
27, 750 49, 050 27.5 

Rolled directly from billet to 1-inch 28, 600 48, 650 25. 0 
round |) 28, 700 49, 250 () 

29, 300 50, 000 44. 27.5 





28, 590 49, 240 | 
28, 150 48, 850 
28, 550 48, 650 
28,550 | 49, 150 
28,550 | 49, 000 








| Average 28,450 | 48, 910 


27,300 | 48,050 | 
— rT) ” | 27,650 47, 900 
detected | Double refined 28° 100 48, 400 


28,800 | 48, 200 53.1 




















Average... aoats 27, 960 48, 140 8. 2 30. 4 51.8 





TESTS MADE ON BARS MACHINED TO 0.875-INCH DIAMETER, 8-INCH GAGE LENGTH 





29,850} 49,750} 44.0 28.5 47. 


| Rolled directly from billet to 1-inch | 30, 500 50, 250 | 43.5 9. 47. 
| 


{ round 30, 700 50, 250 | 44.0 27. 46. 
29, 850 49, 950 | 43.0 30. 48. 








Average | 30,220 0, | 43. 6 


. 28,200 | 48, 550 | 46.0 
lee Stet, ” 29, 850 48, 150 | 46. 0 
Single refined 28, 200 47, 900 | 45.0 


} 28,200 | 48, 100 | 46. 0 





Average 28, 610 48, 175 45. 7 








|) ( 28,700} 43, 450 | 49.0 
* ; ‘ 29,000} 43, 350 43.5 
“""}/ Double refined 28,700! 43,500! 45.0 


28, 200 47, 750 | 46. 0 

















Average | 28, 650 48, 260 | 45.9 





! By stress graph drawn by the Arnsler machine. 

tii Mim 

(2) Tors1onaL Properties.—Torsion tests of the 1l-inch round 
material were carried out on specimens 15 inches long, the central 
portion of which had been machined to a diameter of one-half inch 
over a 10-inch gage length. The results are given in Table 13, and 
in Figure 10 are given curves showing the behavior of the iron when 
stressed in torsion. It will be seen that there was no pronounced 
change in the torsional properties produced by the refining given the 
iron. This observation is in agreement with the results of the ten- 
sion tests. 

(3) Impact Resistance.—The resistance to impact of the iron in 
the form of notched specimens (notched-bar impact resistance) was 
determined by two methods, viz, resistance to repeated blows (Eden- 
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Foster test) and resistance to a single blow (Izod test). The results 
(Tables 14 and 15), in general, indicate no marked difference in the 
notched-bar single-blow impact resistance resulting from the extra 
mechanical working which some of the material received. In the 
case of the repeated-blow tests, however, the average impact resist- 
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ANGLE OF TWIST (NO.OF REVOLUTIONS) 





Figure 10.—Siress-strain curves of wrought iron made by the Aston process 
in 1-inch rounds tested in torsion 


ance was somewhat improved by the double refining given to some of 
the iron. In all cases the conventional test specimens were machined 
out of the 1-inch round, the full-size bar was not used. 


TABLE 13.—Torsional properties of wrought iron made by the Aston process rolled 
into the form of 1-inch rounds 








| Torsional properties 





Specimen : Twist 
- N F; _ . 

No. laterial Yield Maximum | (number 

point moment of 360° 

twists) 





| Feyjios, | Ft./lbs. 

/ 39.0 119. 5 
Rolled directly from billet to i-inch round............-|; ie 108, 0 
110.5 











Average 36. 114.0 





120, 0 
114.0 
113.5 
105. 5 


)* Single refined” 





Average 38.5 | 113. 2 


] ' hinds 
|)‘ Double refined” . 110.5 


{ 113.0 
} ‘ 105. 5 








Average a 109. 7 
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Tasie 14.—Repeated-blow notched-bar impact resistance of wrought iron made 
by the Aston process rolled to the form of 1-inch rounds 


[Eden-Foster test. Specimens were 6% inches longand one-half inch diameter, with around filleted notch 
0.05 inch deep. A 2-pound hammer with a 4-inch drop was used] 





Impact re- 
| sistance 

‘ 2-pound 
Material hammer, 
| 4-inch 
drop 


Specimen 





Number of 
blows 

3, 114 

2, 836 

3, 578 

3, 080 


3, 152 
3, 138 











TaBLE 15.—Single-blow notched-bar impact resistance of wrought iron made bu the 
Aston process rolled to the form of 1-inch rounds 


[Izod test. Triple-notch specimens (1 cm? (0.394 by 0.394 inch), section, 45° VY notch, 0.079 inch deep) 
were used, the notches being arranged 90° apart on three sides of the specimen. Capacity of Izod pen- 
dulum machine 120 ft./lbs.] 





Impact resistance energy 
Tae } absorbed ! 
Specimen Material iss 
| 











Average 


i)“ Single refined’’ 





DDD dcitis dennis ncbie tintaonint nitineimnnsimuibade 


“Double refined” 

















Average 





1 None of the specimens fractured completely upon impact. 
*a, b, and ¢ indicate the three notches on each specimen, 
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4. CORROSION RESISTANCE 


(a) LABORATORY CORROSION TEST 


The relative corrosion resistance of the three wrought irons in the 
form of pipe was studied by laboratory tests carried out in tap water 
and in a 3% per cent (by weight) sea-salt solution. The results of 
such tests, of course, are not necessarily indicative of the behavior 
of the materials in service. However, under service conditions which 
approximate in most respects the essential conditions of the tests, 
the service behavior of materials would be expected to follow the 
indications of the test results. Short pieces of the three kinds of 
pipe, varying from 1% to 1% inches in length, were used as speci- 
mens. The sawed ends of samples were ground smooth on an emery 
wheel and the samples were then cleaned free from grease by hot 
soapsuds, rinsed in hot water, dried and weighed. No attempt was 
made to remove adhering scale; for example, by pickling, as it was 
desired to test the materials in a condition approac *hing as nearly 
as possible the commercial condition. 

The tests carried out in both solutions consisted of the following: 
(a) Immersion in the still liquid without any (intentional) aeration, 
(6) immersion in the liquid through which air was passed, and (c) 
repeated immersion or ‘‘wet-and-dry” test. The ends of most of the 
specimens, after weighing, were covered with a coating of aluminum- 
pigmented ‘‘rubber cement” (thermoprene). It was noticed, how- 
ever, after 24 hours’ exposure that there was evidence of some corro- 
sion on the ends and, since no marked difference was noted in the 
behavior of these samples and of those in which the ends were left 
bare, it may be concluded that the corrosion losses observed represent 
the attack on the cut ends as well as on the surfaces of the pipe. 
Twelve, specimens from each of the three kinds of pipe (four speci- 
mens from three different pipe lengths) were tested in the two liquids 
with each of the three testing methods given above. 

In carrying out the simple immersion tests, without aeration, eight 
samples, in two sets of four placed end to end and held in place by 
means of glass rods extending through the pipe, were immersed in the 
liquid to a depth of approximately 3 inches. Large glass battery jars 
were used as containers (fig. 11), and water was added from time to 
time to maintain the initial volume (4 liters) of the liquid. In carry- 
ing out the immersion tests, with aeration, the samples were placed 
end to end within a rubber tubing (inside tube of a bicycle tire), the 
whole being immersed in the liquid in a large container. Air was 
bubbled slowly through the inside of the assembled specimens during 
the daytime (eight hours). The repeated immersion or ‘‘wet-and- 
dry” tests were carried out by means of the apparatus shown in 
Figure 12, a rather complete description of which has already been 
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Figure 11.—Simple immersion method 
of carrying out the corrosion tests in 
unaerated solutions 

















Ficgure 12.—Apparatus used for the wet-and-dry corrosion tests 


By means of the clock, C, the motor, M, is started at 15-minute intervals. The bell cranks, 
are oe and the specimens, S, are dipped into the solution in the tanks, 7’, and then ied 
into the air, 
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Figure 13.—Appearance of the outer surface of wrought-iron pipe after 
corrosion 


The pipe in the upper horizontal row is hand-puddled wrought iron; that in the middle row, new- 
process iron; and that in the third, the composite iron made from equal amounts of the other two. 
The specimens in the first vertical row at the left were corroded by simple immersion in tap water; 
those in the next, by immersion in 34% per cent sea-salt solution; those in the third row, by the 
wet-and-dry method in tap water; and those in the right-hand row, by the wet-and-cry method in 
sea-salt solution. 
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Figure 14.—Appearance of the inner surface of wrought-iron pipe after 
corrosion by immersion in aerated solutions 


Each group of two represents the two halves of the specimen split lengthwise. The specimens are 
arranged in vertical rows according to the kind of iron as follows (beginning at the left): New- 
process iron, composite iron, hand-puddled iron. The specimens in the upper double row were 
corroded in sea-salt solution, those in the lower double row in tap water, 
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Fiaure 16.—Relation of the corrosive attack on ‘‘cut” ends of wrought-iron 
pipe, after simple immersion, to the microstructure, X 100, reduced to X 75 


The micrographs represent longitudinal sections of the pipe at the corroded end, which is shown 
at the left in each case. a, b, New-process iron in tap water and 314 per cent sea salt solution, 
respectively; c, d, hand-puddled iron in tap water and 31% per cent sea-salt solution, respectively; 
é, f, the composite iron in tap water and 3)4 per cent sea-salt solution, respectively. 
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riagurr 17.—Relation of the corrosive attack on “cut’’ ends of wrought-iron 
pipe after immersion in aerated solutions, to the microstructure, 
reduced to. X 76 


x 100, 


The micrographs represent longitudinal sections of the pipe at the corroded end, which is shown at 
the left in each case. a, 6, New-process iron in tap water and 31% per cent sea-salt solution, 
respectively; c, d, hand-puddled iron in tap water and 3% per cent sea-salt solution, respectively; 

.¢, f, the composite iron in tap water and 3) per cent sea-salt solution, respectively. 
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Ficgure 18.—Relation of the corrosive attack on ‘‘cut”? ends of wrought-iron 
pipe after corrosion by the wet-and-dry method, to the microstructure, X 100, 
reduced to X 75 


The micrographs represent longitudinal sections of the pipe at the corroded end, which is shown at 
the left in each case. a, b, New-process iron in tap water and 3% per cent sea-salt solution, 
respectively; c, d, hand-puddled iron in tap water and 3% per cent sea-salt solution, respectively; 
e, f, the composite iron in tap water and 3)4 per cent sea-salt solution, respectively, 
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published.* The specimens, which were supported by cords and glass 
rods as shown, were wet at 15-minute intervals with the liquid (tap 
water or sea-salt solution) by being dipped momentarily into the solu- 
tion and then raised into the air. The specimens were immersed in 
the liquid approximately one minute at each immersion. The corro- 
sion tests were allowed to continue for three months (92 days) except 
in the case of a few specimens which were examined at the end of 2 
months. No attempt was made to remove the corrosion product 
during the period of corrosion. The tests were carried out during 
the three summer months at room temperature. At the end of the 
3-month period the specimens were cleaned free from the corrosion 
product, washed first in hot water, and then in alcohol, dried, and 
weighed. The loss of weight per unit of surface area was used as a 
basis of comparison. 

No marked or important difference in the character of the corrosion 
product on the different kinds of iron was noted. The character of 
the corrosion product differed decidedly, however, according to the 
conditions under which the corrosive attack had occurred. A loose 
flocculent deposit which could be removed very readily was formed 
on the specimens which were corroded by simple immersion (unaer- 
ated) in both tap water and salt solution. The deposit which formed 
on the specimens corroded in the aerated solutions was much more 
adherent, but was readily removed by means of a bristle brush. In 
the case of the wet-and-dry tests, however, the character of the scale 
formed was decidedly different from that in the other tests and was 
removed only with difficulty. On the specimens corroded in sea-salt 
solution the scale, though much more adherent than in the other 
cases, Was coarse and was removed by vigorous brushing. The scale 
on the specimens corroded by repeated immersion in tap water, how- 
ever, though thin, was smooth and very adherent. It was removed 
with a bristle brush only with great difficulty even after the speci- 
mens had been allowed to remain in a 10 per cent (by weight) solu- 
tion of ammonium citrate for two days. The appearance of the 
outer and inner corroded surfaces of representative specimens of the 
various tests is shown in Figures 13 and 14, respectively. 

A summary of the average corrosion loss of the three kinds of pipe 
when corroded in different ways in tap water and in salt solution is 
given in Table 16 and a graphical summary of 'the results of the 
corrosion tests in Figure 15. As shown by the data in Table 16, 
there appears to be a very slight difference in the corrosion rate of 
the hand-puddled and the new-process wrought iron in favor of the 
hand-puddled product. It is also very apparent that the method 
by which the attack is brought about is a much more important 





‘H. 8. Rawdon and E. C. Groesbeck, Effect of the Testing Method onthe Determination of Corrosion 
Resistance, B. S. Tech. Paper No. 367; 1928, 
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factor in determining the corrosion resistance than is any difference 
in the character of the iron resulting from the process by which jt 
has been prepared. The appearance of the corroded specimens 
shown in Figures 13 and 14 is typical of results obtained with the 
different materials corroded under different conditions. Corro- 
sion on the cut ends of wrought iron in the form of pipe or bar is 
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Figure 15.—Summary of the results of the corrosion tests 
The maximum and minimum values are shown by the dotted lines. 


generally conceded to be more severe than on the rolled surface of 
the same material. The character and extent of the corrosive 
attack on the cut ends of some of the specimens used in the present 
tests are shown in Figures 16, 17, and 18. These micrographs are 
further confirmation of the conclusion based upon the other corro- 
sion data that the conditions under which the corrosive attack 
occurred played a greater part in determining the corrosion loss than 
did differences in the material itself. 
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TaBLE 16.—Average'! corrosion losses of wrought-iron pipe in accelerated laboratory 
tests of three months’ duration 


[A=iron made by the Aston process; HP=hand-puddled tron; AHP=composite iron containing ejual 
i amounts of A and HP] 





Corrosion met hod 








Material Simple immersion | Immersion aerated Wet-and-dry 








Sea-salt Tap Sea-salt Tap Sea-salt Tap 
solution’} water |{solution?| water |solution?| water 





ead 30.0063 | 0.0074 0.031 | 0.0215 0. 140 0.073 
HP . 0061 . 0072 . 029 0217 . 125 .047 
. 0059 . 0077 . 034 . 0207 . 168 . 057 























1 See fig. 15 for the range of the determinations. 
234 per cent solution, by weight. 
8 g/dm?*/day. 


(b) ELECTROLYTIC SOLUTION POTENTIAL 


Coincident with the laboratory corrosion tests and before the 
results of these tests were known, a few simple tests were carried out 
to show the relative behavior of the two wrought irons when in 
electrical contact with each other and immersed in a solution. Small 
pieces of the skelp strip, 3 by % inch, were used as specimens. These 
were cleaned by pickling, after which they were heated in an oven to 
approximately 200° C. in order to drive off any hydrogen present. 
A copper wire was firmly attached to one end of the specimen and 
the junction of iron and copper, as well as the wire itself, coated with 
paraffin. A dilute solution of sodium sulphate (1 per cent, by 
weight) was used as the electrolyte in which the two iron specimens 
were immersed, ‘‘face to face,” slightly more than 1 inch apart. 
A small potentiometer of the portable type was used to show the 
magnitude and direction of the e. m. f. which resulted when electrical 
contact was established between the two specimens. 

There was considerable variation in the e. m. f. observed for several 
different couples as well as for the same couple used on different days, 
which is not surprising in view of the simple method used. The 
results were consistent, however, in one respect. The hand-puddled 
iron was, in all cases, the cathode of the couple; that is, for the condi- 
tions used, the “‘solution pressure” of the new-process iron was 
slightly higher than that of the comparison material. 


5. STRUCTURAL EXAMINATION 


Inasmuch as the structural condition of wrought iron is one of its 
most characteristic features, the comparison of the structure of the 
two types of iron was carried out in considerable detail. 
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(a) PIPE MATERIALS 


(1) Batu.—In Figures 19 and 20 is shown the appearance of por. 
tions of a wrought-iron ball as taken from the hand-puddling furnace 
and of a ball of the wrought iron made by the new process as it comes 
from the shotting cup. Only a very small portion of the entire bal] 
is shown in either case. The microstructure of the two irons was 
examined on a considerable number of fragments in order to obtain 
a good idea of the average structure. Figures 21 and 22 are repre- 
sentative of the conditions found. Figure 21 (a) and (6) represents 
the average condition of the hand-puddled iron with respect to slag 
distribution. After etching, evidence of the presence of carbon was 
frequently found. The metal was quite “patchy” in this respect. 
The condition shown in micrograph (b) is not unusual. Patches with 
a carbon content as high as that shown in (c) (fig. 21) appeared to be 
not uncommon and occasionally patches of iron in which the carbon 
was considerably above 1 per cent were found (fig. 21 (d)). The 
structural condition of the new-process iron in the ball was much 
more uniform than that of the hand-puddled iron with which it was 
compared. The degree to which the continuity of the iron matrix 
was broken up during the shotting operation and the slag was me- 
chanically incorporated with the iron is surprising. In addition to 
the coating of slag covering the globules of iron formed by the shotting 
operation, the interior of globules showed an intimate mixture of the 
slag often suggestive of a dendritic arrangement (fig. 21 (6)). No 
evidence of the presence of carbon was found upon etching and the 
structure in this respect afforded a striking contrast to the other 
type of iron. 

(2) Muck Bar.—In Figure 23 is shown the microscopic appear- 
ance of the two irons after being rolled into muck bar. The less 
uniform condition of the hand-puddled iron, as shown by the larger 
slag areas and the presence of the ‘‘carbon streaks,” which were 
revealed by etching polished sections, is evident. The microstructure 
of the muck bar, as shown in Figures 24, 25, and 26, was found to be 
in agreement with that of the ball. The hand-puddled iron showed 
occasional slag streaks which were considerably larger than any found 
in the other iron and streaks of metal with a rather high carbon 
content were not uncommon. No carbon streaks were found in the 
muck bar of the new-process wrought iron and the average distribution 
of the slag threads was considered to be somewhat more uniform. In 
the comparison of the two irons, here and elsewhere, the examination 
of transverse sections was used more than longitudinal sections, since 
a transverse section gives a much better index of the distribution 
of the slag streaks than the other does. 
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Figure 19.—Portion of a ball of hand-puddled wrought 
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FicuRE 21.—Microstructure of hand-puddled iron in the ball siage, X 100, 
reduced to X 76 


a, Unetched section, typical of the structure of much of the ball; 5, same, etched {with picric acid 
solution. Note the carbon in the form of small islands of pearlite; c, portion of the same ball 
having a carbon content over | per cent, etched with picric acid solution; d, another portion of the 
same ball showing a high carbon content, etched with hot alkaline sodium picrate solution, 
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FiguRE 22.— Microstructure of wrought iron made by the new process, in the 
ball stage, X 100, reduced to X 75 


a, b, and ¢ represent areas from two different balls, unetched. Micrograph ¢ shows the intimate 
mixture of slag and iron within what may appear to be a solid lump of metal, and d, same area as 
a, etched with picric acid solution, No carbon was revealed, 
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Figure 23.— Microstructure of wrought iron in the muck-bar state, X % 


The upper group represents different samples of hand-puddled iron; the lower, corresponding 
samples of the new-process iron. Etchant, 4 per cent nitric acid solution, 
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Figure 24.—Microstructure of hand-puddled wrought iron in the muck-bar 
state, X 100, reduced to X 75 


The micrographs are of transverse sections, unetched. a, Area representing the average size of slag 
threads (transverse sections) and their distribution; 6, shows an area with the slag threads as 
small as were found; and c, transverse section of a large slag thread. Such threads were not 
uncommon, 
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Figure 25.— Microstructure of hand-puddled wrought iron in the muck-bar 
stage, X 100, reduced to XK 75 
The specimens (transverse sections) were etched with an alcoholic solution of picric acid. a, A 


large part of the material showed no carbon, as is represented here; and b, c, and d, ‘‘carbon 
streaks”’ of increasing carbon content found scattered throughout the muck bar. 
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FiGuRE 26:— Microstructure of wrought iron made by the new process, in the 
muck-bar state, X 100, reduced to X 75 


The micrographs show transverse sections, unetched, except in d, which was etched with alcoholic 
picric acid solution. a, Area representing the average size and distribution of slag threads; b, area 
showing some of the largest slag threads found; c, area showing small slag threads; and d, appear- 
ance after etching. No carbon was found, 
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Figure 27.— Microstructure of wrought iron in the form of pipe skelp, X 100, 
reduced to X 75 
The micrographs are of unetched transverse sections and represent the average condition of the 


Slag (left) and some of the large slag threads (right), a,b, Hand-puddled iron; c, d, new process; 
and e, f, composite iron, 
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FIGURE 28.—Microstructure of hand-puddled wrought-iron 
4 1 g 
pipe, xX 100, reduced to K 50 


Transverse sections of the entire wall of two 1-inch pipes are shown. a, Un- 
etched; 6, etched with alcoholic picric-acid solution. Note the pearlite 
(carbon) in 0, 
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Figure 29.—Microstructure of hand-puddled wrought-iron 


pipe, X 450 


Longitudinal sections, anetched and etched, of the entire wall of a 1-inch pipe, 
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Figure 30.— Microstructure of wrought-iron pipe made by the 
Aston process, X 100, reduced to X 50 


Transverse sections, unetched and etched, of the entire wall of two 1-inch pipes, 
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Figure 31.— Microstructure of wrought-iron pipe made by the 


Aston process, * 100, reduced to K 50 


Longitudinal sections, unetched and etched, of the wall of a 1-inch pipe, 
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FiguRE 32.— Microstructure of wrought-iron pipe, X 100, reduced 
to K 450 


Transverse sections, unetched and etched, of the wall of a 1-inch pipe made of the 
composite iron containing equal parts of hand-puddled and the new-process iron. 
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Figure 33.—Microstructure of wrought-iron pipe, X* 100, 
reduced to X 50 


Longitudinal sections, unetched and etched, of the entire wall of two pipes of 
the composite iron (equal parts of the two types of iron) 
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(3) Sxetp.—The examination of samples of the skelp taken from 
the front, middle, and back of the strip as rolled showed no important 
differences in the structure corresponding to these three positions. 
The average distribution of the slag threads, together with some of 
the Jargest slag threads found, as seen in the transverse sections of 
each of the three kinds of skelp, is shown in Figure 27. The examina- 
tion of this material after etching showed considerably more uni- 
formity with respect to carbon distribution in the hand-puddled 
product than was found in the muck bar and ball stages. This is a 
natural consequence of the heating which the piles formed from the 
sheared muck bar received, together with the rolling into skelp. The 
average carbon content of the streaks which were found was estimated 
from the microstructure to be 0.15 to 0.20 per cent. A few of these 
streaks were found in the skelp rolled from the composite pile con- 
taining equal parts of the two types of iron. 

(4) Pipr.—The structural condition of the iron after being worked 
into the form of pipe is depicted in Figures 28 to 33, inclusive. Trans- 
verse and longitudinal sections of the entire wall of the pipe are 
shown for each of the three kinds. There were no features found in 
any case which are not common in commercial wrought-iron pipe. 
The relatively cleaner appearance of the pipe made from the new iron 
and particularly the absence of “carbon streaks’’ is noteworthy. No 
very marked difference in the slag distribution in any of the three 
irons was noted, although the occurrence of relatively large slag 
threads in the hand-puddled iron was somewhat more frequent than 
in the comparison material. 


(b) 1-INCH ROUNDS 


The macrostructure of the wrought iron produced by the Aston 
process after being rolled into the form of 1-inch rounds is shown in 
Figure 34. The effect of the repeated piling or refining which some of 
this material received is very evident. No unusual features in the 
microstructure of the iron were noted. The size of the slag threads 
naturally varied somewhat with the amount of piling and rolling 
which the iron received. So far as can be judged from the micro- 
structure alone, as is shown in Figure 35, this material would be 
considered as high-grade wrought iron. 


(c) SLAG 


Wrought-iron slag is essentially a ferrous silicate slag. According 
to Herty and Fitterer,® such slags containing silica in amounts less 
than 29 per cent contain two constituents, FeO and a silicate, faya- 
lite (2FeO-SiO,). The eutectic for this part of the system occurs 





°C. H. Herty and G. R. Fitterer, The Physical Chemistry of Steel Making: Deoxidation with Silicon 
and the Formation of Ferrous-Silicate Inclusions in Steel, Bull. 36, Min. & Met. Investigations, Carnegie 
Institute of Technology and Bureau of Mines; 1928. 
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with a silica content close to 21 per cent. Pure ferrous silicate slags 
containing less than 21 per cent silica, therefore, consist of excess 
FeO embedded in a eutectic matrix of FeO and fayalite. This is the 
structural condition which obtains in wrought-iron slags ordinarily, 
The eutectic is extremely fine and appears as a single constituent at 
the magnifications ordinarily used in studying the structure of 
wrought iron. 

It will be noted (fig. 36) that slags representative of the product 
of hand puddling and of that of the new process have the same 
general structure and show no essential differences in structure such 
as would be considered significant of marked differences in properties, 
These samples, which were secured as drippings from the wrought- 
iron ball, were remelted in the laboratory in iron crucibles and allowed 
to cool slowly in the furnace so as to approach a condition of 
equilibrium. 

Observations were made on the behavior of the two slags when 
heated to fusion, the samples being contained in small iron crucibles 
and heated in an Arsem vacuum furnace, the pressure within the 
furnace being somewhat less than that equivalent to 1 mm of mer- 
cury. Both slags melted quietly in the crucibles and there was no 
evidence of any loss by sputtering. A crucible containing hand- 
puddled slag, which had been previously ground in a mortar, weighing 
17.5 g (crucible 6.8 g) weighed 17.3 g after heating. Similar weights 
for the slag of the new process were 17.9 g before heating (crucible, 
6.9 g) and 17.8 g after fusion of the slag. 

Observations by means of an optical pyrometer of the ‘“ disappear- 
ing filament” type, of samples heated similarly to these showed that 
the new-process slag gave distinct visible evidence of melting at 
1,280° C. (2,335° F.) and was completely molten at 1,350° C. 
(2,460° F.). Upon slowly cooling, this slag appeared completely 
frozen at 1,270° C. (2,320° F.). Slag from the hand-puddling 
process showed evidence of melting at 1,250° C. (2,280° F.) and was 
completely liquid qt 1,350° C. (2,460° F.). On cooling, it had the 
appearance of being completely frozen at 1,220° C. (2,230° F.). 

Figure 37 shows the appearance of the surface of the two samples 
after being melted and allowed to freeze in the crucible. It will be 
noted that the slag from the hand-puddled process shows numerous 
shrinkage holes or ‘‘pores” over the surface which may be related to 
the evolution of gases during freezing. These were lacking in the 
comparison sample which froze with a continuous though slightly 
roughened surface. 

A series of determinations of the relative viscosity of the two 
slags was made ™ in the plant, the slag in each case being taken directly 


10 These determinations were made by members of the staff of the Bureau of Mines, Pittsburgh station. 
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Figure 34.—Microstructure of the new-process wrought iron in 
1-inch rounds, X 34 


a, “Direct rolled”’; b, “single refined’’; c, ‘double refined.”” Etchant, 4 per cent 
nitric-acid solution, 
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Figure 35.— Microstructure of the new-process wrought 
tron in 1-inch rounds, X 106, reduced to K 75 


a, “Direct rolled’”’ iron; 6, ‘‘single refined’’ iron; c, ‘‘double refined,” 
iron. The large slag threads illustrate the relative size of such threads 
in the three grades of iron. Such threads are only occasionally found, 
Etchant, alcoholic picric-acid solution, 
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Figure 36.— Microstructure of wrought-iron slag, vnetched 


The slags obtained as drippings from the ‘‘ ball’’ were melted in iron crucibles in a vacuum furnace 
and allowed to cool slowly. In both slags, the light areas are FeO; the gray background is fayalite. 
Note, in 6 and d, the other structural constituents embedded in the fayalite matrix. a, Slag from 
hand-puddled iron. The light portion at the top of the micrograph represents the iron crucible. 
Note how the slag has penetrated into it, * 100, reduced to X 75; 6, Same as a, X 500 reduced to 
X 375; c, Slag from the new-process iron, X 100 reduced to X 75; d, sameasc, X 500, reduced to X 375, 
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Ficure 37.—Surface appearance of wrought-iron slags after re- 
melting followed by slow cooling, X 2 


The photographs show the surface of the slag after being melted and allowed to 
a, Slag from hand-puddled iron; 6, slag from new-process 
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either from the puddling furnace or from the ‘“‘shotting”’ cup, for the 
new process. The inclined-plane method was used. The plane 
forms an angle of 30° with the horizontal and the thickness of the 
layer formed as the molten slag flows down the plane was measured 
at a distance of 12 inches from the top of the plane. The results are 
summarized in Table 17. It will be noted that according to these 
results, the slag taken from the hand-puddling furnace was somewhat 
more viscous than that of the new process. 


TaBLE 17.—Relative viscosity of slag of the hand-puddling process and of the new 
process 


[The inclined plane method was used. The thickness of the slag layer was measured 12 inches from top 
of the plane} 
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1 Temperatures are only approximate. 


Wrought-iron slags always contain other substances besides FeO 
andSiO,. (Table4.) A considerable amount of the iron may be in the 
ferric condition (Fe,O;) and phosphorus is always present as well as 
some otber constituents. Evidence of other structural constituents 
in addition to FeO and fayalite can practically always be found in 
such slags. (Fig. 36.) No difference in the two slags were noted in 
this respect. 


6. MISCELLANEOUS TESTS AND OBSERVATIONS 
(a) OBSERVATIONS ON BLISTERING 


It is well known that “blisters” are quite common on the inner 
surface of wrought-iron pipe of the smaller sizes. In cutting up the 
pipe lengths used in this study which had been chosen at random with- 
out any inspection, whatsoever, a few blistered areas were noted and 
in such cases that portion of the pipe was not used for test specimens. 
It is of interest to note that such blisters were confined almost en- 
tirely to the pipe made from the hand-puddled iron. Undoubtedly 
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the formation of these blisters is associated with the occasional 
“carbon streaks” which occur in this type of iron and is to be attrib- 
uted to the liberation of gas (CO) in the reaction between the combined 
carbon and the ferrous oxide of the slag. The fact that the iron made 
by the new process has a very low carbon content, (rarely over 0.03 per 
cent), in all stages of fabrication, from the ball to the finished pipe, is 
believed to account for the relatively high degree of freedom of this 
type of pipe from this feature. Figure 38 shows the appearance of 
some of the blistered areas. 


(b) BEHAVIOR ON CARBURIZING 


It has been demonstrated beyond all reasonable doubt " that, by 
means of carburizing such as is done in the common casehardening 
process, certain differences in steel can be shown which are detectable 
in practically no other manner. It appeared of interest, therefore, 
to apply this test, which is ordinarily referred to as the ‘“‘McQuaid- 
Ehntest,”’ to the two types of iron. Samples of the muck bar and 
skelp of both the hand-puddled iron and the comparison iron made 
by the new process were carburized by being heated for eight hours 
at 940° C (1,725° F.), while embedded in a commercial carburizing 
compound and then being allowed to cool in the furnace. The micro- 
scopical examination ” revealed no essential difference in the struc- 
ture of the carburized irons. Both irons showed a very “abnormal” 
structure, the term being used in the same sense as it is applied to 


carburizing steels. 
(c) MILL OBSERVATIONS 


““Weldability” and ease of machining rank high among the desir- 
able characteristics of wrought iron. Observations on the relative 
weldability of the two types of iron as it was being made into pipe 
were made in the mill, together with the usual flattening and hydro- 
static tests which form part of the routine mill tests. The new- 
process iron behaved in all essential respects in these tests like the 
hand-puddled iron. Such visual observations as it was possible to 
make on the machining of the pipe in the mill indicated no difference 
in the behavior of the two irons during the threading of the ends of 
the pipe. Likewise the observations made on the behavior of the 
two during galvanizing, supplemented by flattening tests of the gal- 
vanized pipe, indicated that the ‘“‘galvanizing properties” of the new 
iron are equal in all respects to those of the hand-puddled product. 





11S, Epstein and H. S. Rawdon, Steel for Case Hardening—Normal and Abnormal Steel, Bureau oi 
Standards Journal of Research, 1, 423, 1928; Research Paper No. 14. 
12 This test was carried out by Samuel Epstein, associate metallurgist. 
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Figure 38.—“ Blisters” in wrought-iron pipe 


The transverse and longitudinal sections show the blistered appearance of the inner 
pipe surface which is frequently observed. 
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V. DISCUSSION 


Wrought iron is universally conceded to be a malleable product 
formed from the refining of pig iron (or ore) by the almost complete 
elimination of the metalloids in the material and, in the wrought 
state, has a characteristic structure referred to as ‘‘fibrous,’’ which is 
the result of the intimate mechanical mixture of some slag with the 
iron. Since wrought iron is a mixture of two unlike substances, its 
composition, at least as determined by ordinary chemical analysis 
can not readily be used as a basis of a definition as may be done in 
the case of steel. The refining of the raw material must necessarily 
be quite complete in order to obtain a malleable product. The metal- 
loids initially present in the pig iron, if not entirely eliminated, are 
reduced to a very small percentage. Aside from the restriction con- 
cerning the maximum percentage of manganese permitted, for ex- 
ample, 0.10 per cent,’® chemical composition is not usually specifically 
mentioned in specifications for wrought iron. In the results of the 
chemical analyses of the different irons summarized in Table 3, nothing 
will be found which could be used as a basis of adverse criticism of 
any of the irons. It will be noted that the carbon content of the 
new-process iron was lower than that of the comparison iron, and, as 
shown by the metallographic examination, this product showed no 
nonuniformity such as would result from ‘‘carbon streaks.” It 
should not be inferred, however, that nonuniformity by the presence 
of carbon streaks is necessarily a characteristic of all wrought iron 
made by the hand-puddling process. 

On the basis of the density measurements, there is little to be said 
concerning the possible differences in the two types of iron. As 
might be predicted, the iron in the form of muck bar was somewhat 
less dense than after being rolled into skelp or pipe, the hand-puddled 
muck bar showing a slightly lower density than the comparison iron. 
This was also true in the case of the pipe and skelp, the differences 
were so slight, however, as to appear to be of no practical significance. 

For purposes of comparison, the average tensile properties of the 
pipe materials have been summarized in Figure 39. The properties 
of the iron in the form of muck bar, are of course, of no practical 
concern; the fact is of some interest, however, that iron made by the 
new process even in this rough form, showed considerably higher 
ductility, though with a somewhat lower tensile strength, than the 
hand-puddled iron did. The presence of combined carbon in the 
latter in sufficient amounts as to form easily recognized “carbon 
streaks” is probably the reason for this difference. The working 





18 Specifications A84-27 and A86-27, Am. Soc. Test. Mtls, Standards; 1927. 
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which the materials received in putting them into the form of skelp 
and pipe improved the tensile properties. It will be noted, however, 
that, in general, the hand-puddled iron after the additional rolling 
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Fiaure 39.—Comparison of the tensile properties of wrought-iron pipe with specification values 
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still showed considerably higher tensile strength, accompanied by 
lower ductility, than did the comparison wrought iron. 

By comparison with the tensile properties for wrought-iron pipe 
of this size as required by specifications of the American Society for 
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Testing Materials and the Federal Specifications Board," it will be 
seen that both the hand-puddled wrought iron and the new process 
wrought iron when tested as full-size specimens, would meet the 
required tensile properties. However, when the tensile properties 
were determined on longitudinal strips machined from the pipe, as is 
permitted by current specifications, the average elongation was found 
to be lowered very considerably. This lowering of the elongation 
is to be attributed to the form of the test specimen and not to any 
inherent property of the iron. The specimen, in each case, repre- 
sented the full wall thickness and the intitial curvature was main- 
tained through the test. On the bases of these tests, it would appear 
that in testing pipe of small diameter, the strip method, at least as 
carried out here, is not suitable and should not be depended upon.” 

The torsional properties of wrought iron are not ordinarily taken 
into account in specifications for pipe. For rotary drill pipe, of 
course, the behavior of the pipe under torsion may be of considerable 
importance. The torsion tests, in the present study, however, 
afforded another convenient means for comparing the properties of 
the two irons, in the form of pipe. It will be noted (Table 10) that 
the results of the torsional tests confirmed those of the tension tests 
in showing that the hand-puddled iron used was a slightly stronger, 
but somewhat less ductile material than the comparison wrought iron. 

The properties of the new iron when rolled into the form of 1-inch 
rounds compare favorably with those of high-grade hand-puddled 
wrought iron made commercially in this form. The tensile prop- 
erties and impact resistance are summarized in Figure 40, together 
with the corresponding properties of l-inch rounds of high-grade 
wrought iron which were obtained in a previous series of tests.’ It 
has already been stated that the 1-inch rounds used in the present 
study were especially rolled for these tests under regular mill condi- 
tions. The comparison materials represent wrought-iron rounds 
made to meet certain specifications of the American Society for 
Testing Materials. 

It is evident from the results of nearly all of the tests carried out 
upon the 1-inch rounds of the new-process iron (Tables 12, 13, 14, 
and 15) that the amount of werking, that is, refining (piling and re- 
heating) which the iron received did not affect its properties to a 
very marked extent. The tensile, torsional, and ‘“‘single-blow 
notched-bar”’ impact resistance properties were found not to differ 





44 Standard specifications A72-27, Am. Soc. Test. Mtls. Standards, 1927. Also Federal Specifications 
Board, specification 242, ‘‘ Wrought Iron Pipe, Welded (Black and Galvanized); 1925. 

\8 Specification 242 of the Federal Specifications Board is now being amended in this respect, the question 
having been brought up for consideration by another manufacturer of wrought-iron pipe. For the deter- 
mination of the tensile properties of pipe 2 inches in diameter and less, the tension specimens consist of full- 
size pipe sections, the strip metbod being restricted to the pipe of larger diameter. 

16 See footnote 4, p. 954. 
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greatly for the “direct-rolled,” the ‘‘single-refined,’”’ and the ‘‘double- 
refined” irons. To supplement the impact tests (single-blow notched- 
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Figure 40.—Comparative properties of wrought iron 1-inch round 
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bar), the ends of the specimens were etched, after the test, to show the 
macrostructure in order to find out how the blows had been struck 








ee cele 


og Hand Puddled and Aston Process, Wrought Iron 989 
with respect to the piling. In the majority of cases, the maximum 
resistance was shown when the blow was struck against the face of 
the ‘“‘slabs.””’ However, it was noticed that, when the three blows 
for any one specimen were struck at 45° to the face of the slabs, as 
was the case for a number of specimens, the difference between the 
maximum and minimum was as great, in some instances, as when 
the blows struck the face and edge of the slabs. It would appear, 
however, from the results obtained in the repeated-blow impact 
tests (Table 15) that the impact resistance of the iron against repeated 
blows was noticeably improved by the additional ‘refining’? which 
was given the iron. 

In carrying out the corrosion tests no attention whatsoever was 
given to the controversial question as to the relative corrodibility of 
wrought iron and steel. The sole purpose of the tests was to show 
whether or not the corrosion behavior of the two types of iron, in the 
form of pipe, differed to any marked extent. A comparison of the 
results for the wrought iron made by the Aston process with those for 
the hand-puddled product indicates a very slightly higher corrosion 
resistance for the latter. These indications are in accord with the 
results of the tests carried out to show the relative electrolytic solu- 
tion potential of the two. These tests indicated that the new-process 
iron, when in electrical contact with the hand-puddled iron, both 
being immersed in a solution, behaves as the anode of the couple; 
that is, it has a higher solution pressure. It might be argued there- 
fore, that it might be unwise to use the two different kinds together. 
The results obtained with the pipe made from the composite iron, 
which was rolled from an 8-high pipe of muck bar composed of equal 
amounts of the two types of iron did not confirm this prediction. 

As might be expected, the method of the corrosion test had a marked 
influence on the apparent corrosion resistance of the irons. The 
average sorrosion loss obtained in simple immersion in tap water or 
in 315 per cent sea-salt solution (unaerated) was in the neighborhood 
of 0.006 to 0.007 g/dm?/day, whereas the loss for the same irons in 
the same solutions, when aerated for 8 hours of every 24, was approxi- 
mately four to five times as great (0.021 to 0.034 g/dm?/day). In the 
wet-and-dry corrosion tests, the loss was much more pronounced 
(0.125 to 0.168 and 0.05 to 0.07 g/dm*/day in sea-salt solution and tap 
water, respectively). It is evident that the effect, on the corrosion 
behavior of these materials, of the conditions under which the cor- 
rosive attack was brought about far overshadowed possible effects 
resulting from differences in the materials. 

Of the different corrosion methods used, the immersion tests, with- 
out question, are more nearly representative of conditions for pipes 
in service than the wet-and-dry tests are. And of the two types of 
immersion tests, those carried out in tap water which was not exces- 
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sively aerated probably represent service cond‘tions for the large 
majority of pipe better than the other immersion tests. It is evident 
from Figure 15, that on the basis of the results obtained with the 
simple immersion tests in either of the liquids used, no sharp distine- 
tion as to the relative merits of the various materials can be drawn. 
Likewise, the average corrosion losses obtained in the immersion tests 
in highly aerated liquids, especially those in tap water, do not differ 
sufficiently to warrant sharp distinctions being drawn as to the relative 
corrosion resistance of three materials. 

Concerning the similarity in structure of the two types of iron, little 
need be said. The micrographs clearly show that the product made 
by the new process has the structural features which are generally 
considered to be characteristic of wrought iron. Indeed, it is ex- 
tremely doubtful whether any metal microscopist could distinguish 
with certainty a sample of the new wrought iron from iron made by 
the familiar hand-puddling process if the sample were submitted to 
him as an “unknown.” The almost complete absence of carbon 
streaks from the structure of the iron made by the new process is a 
noteworthy feature and any possible distinction between the two irons 
from the standpoint of structure would undoubtedly have to be 
drawn on this basis. 

The examination of the slag from the two different processes showed 
that both were essentially ferrous silicate slags containing an excess 
of iron oxide, although not absolutely identical in either chemical 
composition or structure. The slight differences, however, would 
not seem to be of importance from a practical standpoint so far as 
the properties and use of the finished product are concerned. 

In the observations made in the mill, especially on the welding, 
galvanizing, and machining properties of the two types of iron in the 
form of pipe, nothing was seen to indicate any marked differences in 
the two irons in these respects. 


VI. SUMMARY 


1. A comparison was made of the properties and structure of 
wrought iron made by the hand-puddling process with those of 
wrought iron produced by a new process. The new process differs 
radically from the conventional hand-puddling process in that the 
pig iron after being melted in a cupola is refined in a Bessemer con- 
verter and then incorporated with the slag which has been prepared 
in a separate furnace. “The ‘‘shotting”’ operation by which the slag 
is intimately mixed with the iron consists in pouring the molten 
metal into a bath of the molten slag. The resulting ‘‘ball” after 
being squeezed into a bloom is rolled in the ordinary manner into the 
desired shape. The comparison tests were carried out largely upon 
commercial 1-inch butt-welded black pipe, since, as yet, the commer- 
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cial use of the new process is confined almost entirely to pipe. Three 
types of pipe were used, hand-puddled iron, new-process iron, and a 
“composite” iron composed of equal parts of the other two. Tests 
were also made upon the muck bar and skelp from which the pipe 
was rolled. The samples were chosen at random in the mill, and 
each length was sampled so as to obtain samples representative of 
the front, middle, and back, as rolled, of the strips selected. All of 
the succeeding tests were made on all of these samples. In addition 
to pipe materials, tests were made upon the new-process wrought 
iron in the form of 1-inch rounds, rolled especially for this work. 

2. The chemical composition of the iron made by the new process 
was found to agree closely with that of the hand-puddled iron. The 
carbon content was consistently lower in the new-process iron than 
in the comparison iron and more uniform in that ‘“‘carbon streaks’’ 
were entirely absent in the structure as shown by metallographic 
examination. The sulphur content of the new-process iron was not 
quite so low as that of the hand-puddled product. 

3. No marked differences in density were found in the irons. The 
new-process iron had a slightly higher density, but the difference was 
so slight as to appear to be of no practical significance. 

4. No marked difference in mechanical properties were found in 
the two irons, in pipe form, as shown by tension, torsion, and flatten- 
ing tests. ‘The iron made by the Aston process, on the whole, showed 
a slightly lower tensile strength accompanied by a higher ductility. 
Pipe made from the new-process iron meets the requirements of 
current specifications for pipe of the American Society for Testing 
Materials and the Federal Specifications Board. 

5. In the form of 1-inch rounds the wrought iron made by the new 
process was found to compare very favorably in mechanical properties 
with standard grades of wrought iron of this form. The properties 
studied included tensile and torsion properties and the resistance of 
notched bars to single-blow and repeated-blow impact. Except in 
the “notched-bar repeated-blow” impact resistance, no important 
differences were noted in the different amounts of ‘“‘refining”’ which 
the rounds received. The material used was representative of 
“direct-rolled,” ‘‘single-refined,” and “‘double-refined’’ iron. 

6. The accelerated laboratory corrosion tests indicated very 
slight differences in the corrosion resistance in favor of the hand- 
puddled iron. These differences were extremely slight as compared 
with the differences in corrosion behavior resulting from the different 
test methods used. 

7. The structural features of the iron made by the Aston process 
are those which are generally conceded to be characteristic of wrought 
iron in general. The absence of ‘carbon streaks” in the new- 
process iron is noteworthy. It is not to be concluded, however, 
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that this feature is necessarily always present in hand-puddled iron, 
The puddling process is not nearly so favorable for the complete 
elimination of carbon, however, as is the new process. The occur- 
rence of occasional relatively large slag threads in the hand-puddled 
iron was more frequent than in the comparison material according 
to the examination made. 

8. Although not a primary object of this investigation, general 
observations made of the hand-puddling process and of the Aston 
process seemed to indicate a close parallelism in the important 
reactions entering into the manufacture of wrought iron in the two 
cases. The similarity of the products of the two processes confirm 
this indication. 

9. In the observations made in the mill nothing was observed that 
would indicate that the behavior of the new-process wrought iron in 
welding, galvanizing, and machining is different from that of the 
wrought iron with which it was compared. 

In addition to the acknowledgments made throughout the text, 
the authors wish to express their indebtedness to C. E. Eggenschwiler, 
junior laboratory assistant, for his very efficient help in a great 
many of the tests reported. 


WASHINGTON, July 2, 1929. 





RP125 


A GRAVIMETRIC METHOD FOR THE DETERMINATION 
OF RUTHENIUM 


By Raleigh Gilchrist 


ABSTRACT 


A gravimetric procedure for the accurate determination of ruthenium by 
hydrolytic precipitation from chloride solution has been developed. A delicate 
test for the qualitative detection of small quantities of ruthenium, using thiourea 
as a reagent, is described. 
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I, INTRODUCTION 


In the analysis of a material containing the platinum metals, such 
as crude platinum, osmiridium, etc., it has been the customary pro- 
cedure, since the work of Deville and Stas,! to separate ruthenium by 
distillation with chlorine from an alkaline hypochlorite solution. 
The ruthenium tetroxide set free is absorbed either in a solution of 
hydrochloric acid containing some alcohol, or in a solution of an 
alkali hydroxide, likewise containing some alcohol. 

Quite recently the separation of ruthenium by distillation with 
perchloric acid? has been proposed in a scheme of qualitative 
analysis. Although this separation is apparently very satisfactory 





1H. Ste-C. Deville and J. S. Stas, Procés-verbaux, Comité International des poids et mesures, p. 194; 
877. 


? Noyes and Bray, Qualitative Analysis for the Rare Elements, The MacMillan Co.; 1927. 
993 
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for the purpose intended, a strictly quantitative study of it has not 
been made. This is true also of the separation by distillation with 
chlorine. Before a study of such separations could be made it was 
necessary to develop an accurate method for the quantitative recovery 
of ruthenium from solutions used as absorbents for ruthenium 
tetroxide. The experiments described in this paper were designed to 
develop such a method. 

Of the methods previously proposed for the determination of 
ruthenium in the absorbent solutions none has been entirely satisfac- 
tory. Deville and Stas simply evaporated in a crucible the entire 
acid solution, containing the ruthenium as chloride, reduced the dried 
chloride thus obtained, washed the residue with water to remove any 
soluble salts, and weighed the ruthenium as metal. This procedure 
is somewhat troublesome at best and is clearly impracticable if large 
amounts of alkali halides are present. 

Howe and Mercer * preferred to use a dilute solution of potassium 
hydroxide containing some alcohol as the reagent to absorb the 
ruthenium tetroxide separated by distillation. These authors pre- 
cipitated the ruthenium as an oxide from this alkaline solution by 
gentle warming. They state that here the success of their work from 
the standpoint of quantitative determination ceased; that no satis- 
factory method could be found to collect this oxide for weighing, as it 
was impossible to free it from the alkali present. The oxide so ob- 
tained became colloidal after a single washing. They moistened the 
partially washed and dried precipitate with a few drops of hydro- 
chloric acid, burned it, reduced the residue in hydrogen, washed the 
metal obtained with boiling water, and reduced again in hydrogen. 
The conclusion was that the method was too complicated for quanti- 
tative work. 

Recently volumetric methods have been introduced, more particu- 
larly in the investigation of the constitution of the complex ruthenium 
salts, and especially with reference to the state of valency possessed 
by the ruthenium. A volumetric method in which iodine, liberated 
from potassium iodide through oxidation by ruthenium, is titrated 
with sodium thiosulphate has been employed by Krauss,‘ Krauss and 
Kiikenthal,® Charronat,® Gall and Lehmann,’ and others. 

Howe,’ failing to obtain satisfactory analytical results with potas- 
sium iodide, investigated a volumetric method using stannous chlor- 
ride. Howe sums up his work on the titration with stannous chloride 
by saying that it should be noted that in almost every case the amount 
of stannous chloride required for reduction was somewhat lower than 
that called for by theory. For this reason, he says, the method can 
not be recommended for the accurate determination of ruthenium, 
but it does afford a ready method for the approximate evaluation of 
ruthenium solutions and for the determination of ruthenium when 
only a small amount is present. 





8 Jas. L. Howe and F. N. Mercer, J. Am. Chem. Soc., 47, p. 2926; 1925. 

4‘ F. Krauss, Z. anorg allgem. Chem., 117, p. 111; 1921. 

5’, Krauss and H. Kiikenthal, Z. anorg. allgem. Chem., 136, p. 62; 1924. 
¢ A. Charronat, Compt. rend., 180, p. 1271; 1925. 

7H. Gall and G. Lehmann, Ber., 59, p. 2856; 1926. 

§ Howe, J. Am. Chem. Soc., 49, p. 2381; 1927. 
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II. PRECIPITATION BY HYDROLYSIS 


The work of Ruff and Bornemann ° on the determination of osmium 
suggested the possibility of a somewhat similar method for ruthenium. 
Ruff and Bornemann precipitated hydrated osmium dioxide by neu- 
tralizing an alkaline osmate solution with sulphuric acid. 

A few experiments were made with ruthenium, following Ruff and 
Bornemann’s procedure for osmium. Six 10 ml portions of a solution 
of ruthenium chloride, containing about 0.001 g of ruthenium per 
milliliter, were made strongly alkaline with sodium hydroxide and 
allowed to stand on the steam bath for about one hour. The excess 
alkali was then neutralized with 2 N sulphuric acid, using phenolph- 
thalein as indicator. The neutral solutions were allowed to remain 
on the steam bath for an additional hour before filtering. The 
precipitates were washed with a hot 1 per cent solution of ammonium 
sulphate. The quantities of ruthenium recovered were 0.0107, 
0.0111, 0.0107, 0.0107, 0.0107, and 0.0106 g, the average being 
0.0108 g. The quantities of ruthenium recovered from four 10 ml 
portions of the same solution, which has been evaporated in cru- 
cibles and ignited in hydrogen to metal, were 0.0104, 0.0106, 0.0105, 
and 0.0105 g, the average being 0.0105 g. 

The results are seen to be slightly higher than those obtained by 
simple evaporation and reduction. Some silica may have been car- 
ried down with the precipitated ruthenium, as was observed by Ruff 
and Bornemann in the case of osmium. It appeared that such con- 
tamination might be avoided, as well as that due to the adsorption of 
alkali, if the neutralization of the ruthenium solution were approached 
from the acid side. Accordingly, two 10 ml portions of the ruthe- 
nium chloride solution were diluted to about 100 ml each, heated to 
boiling and neutralized with a solution of sodium bicarbonate. The 
solutions were boiled about 10 minutes. The quantities of ruthe- 
nium recovered were 0.0104 and 0.0104 g. It was observed that as 
the solution approached neutrality a well-coagulated precipitate 
suddenly appeared, leaving a clear supernatant liquid which was 
acid to methyl red indicator. Additional bicarbonate and longer 
boiling produced no further precipitation of ruthenium. 


Ill. EXPERIMENTS TO DETERMINE CONDITIONS FOR COM- 
PLETE PRECIPITATION OF RUTHENIUM BY HYDROLYSIS 


In order to avoid errors due to volumetric measurements, weighed 
portions of the compound, ammonium chlororuthenate, were used in 
subsequent experiments. 

Three preparations of this salt were made. That used in the ex- 
periments reported in Table 1 was obtained as the final product of 
the refining of a large quantity of ruthenium. It was the salt which 
was precipitated by adding a saturated solution of ammonium chloride 
to the solution of ruthenium chloride produced by dissolving ruthe- 
nium tetroxide in hydrochloric acid. The second preparation, used in 
the experiments reported in Tables 2, 3, and 4, was made from ruthe- 
nium sponge obtained by igniting a portion of the salt, mentioned 
above, in hydrogen. No impurities were detected in this spongy 





°O. Ruff and F, Bornemann, Z. anorg. Chem., 65, p. 429; 1910, 
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metal by spectrographic examination. This sponge was dissolved in g 
mixture of sodium hydroxide and sodium hypochlorite, according to 
the directions of Howe and Mercer,’ and the ruthenium tetroxide 
distilled into 6 N hydrochloric ac id. The-resulting solution was 
evaporated, the sirupy residue redissolved in 6 N hydrochloric ac id, 
and the filtered solution saturated with chlorine. The relatively in- 
soluble ammonium chlororuthenate, precipitated by the addition of a 
saturated solution of ammonium chloride, was collected on a hardened 
filter in a Gooch crucible and washed with 95 per cent alcohol until the 
washings were colorless. The third preparation, used in the experi- 
ments reported in Tables 5 and 6, was made by recrystallizing a por- 
tion of the first preparation from a solution containing 2 per cent of 
hydrochloric acid. No attempt was made to prepare compounds of 
definite composition. Each preparation was dried over phosphorous 
pentoxide in a desiccator, then thoroughly mixed by grinding in an 
agate mortar. 

A number of experiments were made to determine the pH of the 
solutions in which the ruthenium was apparently completely precipi- 
tated on boiling with sodium bicarbonate. The ruthenium content 
of the salt used in the first set of experiments, determined by igniting 
four portions in hydrogen, ranged from 30.89 to 30.92 per cent, aver- 
age 30.90 per cent. The ruthenium content of this same salt in the 
second set, after it had remained a greater length of time in the desic- 
cator, was 30.96 per cent, the individual determinations being 30.97, 
30.95, and 30.97 per cent. 

Additional samples, simultaneously taken, were each dissolved in 
about 150 ml of water. The resulting solutions were boiled for 
about five minutes. A 10 per cent solution of sodium bicarbonate 
was added dropwise until the colloidal precipitates, which first formed, 
coagulated and settled. The solutions were then boiled 10 minutes 
longer and filtered. The filtrates were removed and the filters and 
precipitates washed with a hot 1 per cent solution of ammonium 
sulphate until the chloride ion could no longer be detected in the 
wash waters. The pH of each filtrate, without washings, was de- 
termined by the comparison of approximately 10 ml portions with 
solutions of known pH, using brom cresol purple as indicator. The 
wash waters, together with unused portions of the filtrates, were 
evaporated and tested for ruthenium as described in a later section 
of this paper. No ruthenium was detected in these filtrates and 
washings. 

The filters and precipitates were dried and ignited. The tendency 
of the precipitates to deflagrate had been observed: during the very 
first experiments. In one instance the deflagration amounted to an 
explosion which shattered the porcelain crucible and bent the wire 
triangle on which it rested. The oxidized residues from the ignition 
of the precipitates were reduced to metal by ignition in hydrogen and 
weighed 

To determine if there was a significant loss of ruthenium on ignition 
in air, 0.1094 g of ruthenium sponge was heated in an open crucible 
with the full heat of the Tirrill burner for three periods of 20 minutes 
each. At the end of each period the oxidized material was ignited 
and cooled in hydrogen. The weight obtained in each instance was 


10 See footnote 3, p. 994. 
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identical with the original weight. In all determinations made 
throughout this work, both by direct ignition of the salt in hydrogen 
and by hydrolysis, the weights reported are those obtained after the 
second ignition period and corrected for the filter ash. This correction 
amounted to a deduction of 0.0001 g, and was determined from blank 
runs. 

The recoveries in experiments Nos. 11 and 12 are low because a 
small amount of the precipitate could not be removed from the walls 
of the beakers. This error is entirely avoided if unetched glassware 
is used. 

The results of the experiments are given in Table 1. 


TABLE 1.—Determination of the pH value of the solution in which ruthenium has 
been completely precipitated by hydrolysis 
[Ru content: Series I, 30.90 per cent; Series II, 30.96 per cent] 


SERIES I 





1 recov- PH of fil- 
ered 


| 
Salt taken | Ru present | Rt 





g g | 
0. 3529 0. 1091 | 
. 3516 . 1087 | 
. 3496 . 1081 | 
. 3505 . 1083 | 





SERIES 





0. 3975 
. 4137 
. 4495 | . 134 —. 0001 
. 4622 . 1431 | 14 0000 | 
. 4270 | . 132% - 0000 | 











IV. EXPERIMENTS TO DETERMINE BEST CONDITIONS FOR 
IGNITION OF HYDRATED RUTHENIUM OXIDE 


It was found early in the experimental work that great care had 
to be taken to prevent mechanical loss of ruthenium when the hy- 
drated oxide and the filters were ignited. This loss occurred when 
the filters were charred. Deville and Stas" had experienced the 
same difficulty with the ignition of hydrated iridium oxide. Ruff 
and Bornemann ” encountered similar trouble with hydrated osmium 
dioxide, obtained by hydrolysis, and attributed the deflagration 
which occurred to the splitting off of the water as the compound was 
converted to the anhydrous form. 

It was thought that concentrated sulphuric acid present with the 
dried filters would possibly extract the water from the hydrated 
ruthenium ‘oxide and in this way prevent deflagration. The results 
with sulphuric acid, however, were not particularly satisfactory. 
Deflagration was prevented in some instances, but the results were 
high, owing probably to the incomplete removal of carbonaceous 
matter rather than to the retention of sulphur, as no significant amount 
of sulphur could be found in the metal residues. In other instances 
deflagration, with simultaneous loss of ruthenium, occurred anyway. 


11 See footnote 1, p. 993. 


12 See footnote 9, p. 998. 
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Two experiments were made in which the precipitates and filters 
were merely washed with hot water. On charring the filters these 
precipitates decrepitated badly. 

Precipitates which had been washed with a 1 per cent solution of 
ammonium sulphate or of ammonium chloride either did not deflagrate 
or only crackled slightly, with no loss of ruthenium, if the filters were 
charred slowly. It was observed that if the filters contained a small 
quantity of either of the salts named they would nearly always char 
completely when once they began to smoke, without the addition of 
further heat. Once the filters were charred there was no further 
danger of deflagration, and the subsequent ignition could be con- 
ducted without special precaution. 

Since the presence of a small quantity of ammonium sulphate or 
of ammonium chloride appeared to minimize the danger of loss, 
somewhat stronger solutions of these salts were tried. These stronger 
solutions were placed on the filters after complete washing had been 
accomplished with a hot 1 per cent solution of the particular salt in 
question. A 5 per cent solution of ammonium sulphate used as a 
final wash to impregnate the filters, prevented deflagration entirely, 
even when the filters were charred as in ordinary analytical practice, 
but the results were somewhat high, similar to those obtained with 
sulphuric acid. A 5 per cent solution of ammonium chloride likewise 
prevented deflagration, but the results were low, possibly because of 
volatilization of some ruthenium as chloride. 

A 2.5 per cent solution of either ammonium sulphate or ammonium 
chloride equally prevented deflagration, even though no special care 
was taken during the charring, and apparently caused no errors. 

The hydrated ruthenium oxide was precipitated from ripe 
solutions by adding a 10 per cent solution of sodium bicarbonate 
previously described, the end point being determined by the ondinden e 
in the solution of brom cresol purple indicator. The carbonate was 
added until the color of the brom cresol purple changed from yellow- 
ish to faint purple. This change occurs at a pH value of about 6.0. 
The solutions were boiled 5 to 6 minutes to insure complete pre- 
cipitation, filtered immediately, and the filters and precipitates 
washed thoroughly with a hot 1 per cent solution of either ammonium 
sulphate or of ammonium chloride. Stronger solutions of these salts 
were then applied as indicated in the following tables. No ruth- 
enium was detected in the filtrates from these precipitations by 
tests described in the following section of this paper. 

The ruthenium salts used were the second and third preparations 
previously described. The ruthenium content of Preparation II, 
obtained by direct ignition of 12 portions taken at random from 
among the samples weighed, ranged from 30.40 to 30.44 per cent 
and averaged 30.42 per cent. The ruthenium content, of Prepara- 
tion III, the recrystallized salt, obtained by direct ignition of four 
portions in hydrogen, ranged from 31.22 to 31.26 per cent and 
averaged 31.24 per cent. 

The results of the experiments in which hot water was used for 
washing and in which sulphuric acid was used to char the filters are 
given in Table 2 








Gilchrist] Determination of Ruthenium 999 


TaBLe 2.—Effect of washing with water and of charring with H2SO, 


Salt taken 
30.42 per | Ru present 
cent Ru 


Ru recov- 


red Error Remarks 








g 
= 0002 \ Washed with hot water; loss by deflagration. 


+0006 | Washed with hot 1 per cent (N'H,)2S 04; charred 

+, 0003 }) With H2SO«; probably incomplete removal of 
‘i carbon; no deflagration. 

—.0035 || Washed with hot water; charred with H3SOq; 

—. 0003 p loss by deflagration. 














The results of the experiments in which a hot 1 per cent solution 
of ammonium sulphate and of ammonium chloride were used for 
washing and in which the filters were carefully charred are given 
in Table 3. 

TaBie 3.—E ffect of careful charring by heat 


Salt taken 
30.42 per | Ru present 
cent Ru 


Ru recov- 


ered Error Remarks 





g g g 

0. 4202 ' 3 0.1279 +0. 0001 
. 4303 . 1306 . 1309 . 0000 
. 5593 e . 1702 +. 0001 
. 5187 . 1578 . 1578 . 0000 
- 4790 14! - 1457 . 0000 
. 3601 : . 1097 +. 0002 ab ene with hot 1 per cent NH, Cl; careful 
. 3626 é - 1108 . 0000 charring by heat; no deflagration. 


Washed with hot 1 per cent (NH.)2S0.;  care- 
ful charring by heat; no deflagration. 




















The results of the experiments in which 5 per cent solutions of 
ammonium sulphate and of,ammonium chloride were used are given 
in Table 4. : 


Taser 4.—Prevention of deflagration by presence of ammonium salts 





Salt taken . 
30.42 per | Ru present — Remarks 


cent Ru 





g g 
0. 5007 0. 1523 Washed with hot 1 per cent (NH,4)2SO,; final 


. 5325 . 1620 
4337 + .1319 
- 4453 - 1355 


wash with 5 per cent (NH4)2504; no special 
precaution taken in charring; no deflagration. 


Washed with hot 1 per cent NH, C1; final wash 
. 3379 . 1028 . with 5 per cent N H, Cl; no special precaution 
. 3955 . 1208 . taken in charring; no deflagration; possibly 
slight volatilization as chloride. 




















The results of the experiments in which 2.5 per cent solutions of 
ammonium sulphate and of ammonium chloride were used, with no 
special precaution taken to char the filters, are given in Table 5. 
The results of two experiments with 1 per cent ammonium sulphate 
in which the filters were carefully charred are likewise included. 
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TABLE 5.—Best conditions for ignition of ruthenium precipitate 


Salt taken 
31.24 per | Ru present 
cent Ru | 


Error Remarks 


Ru recov- | 
ered | 





| 


g g g 
0. 0850 0. 0850 0.0000 || Washed with hot 1 per cent (NH4)2S0,; care- 
. 1057 . 1057 . 0000 Ut ful charring; no deflagration. 
at , Washed with hot 1 per cent (NH4)2S04; final 
»F 496 | - | - “ - ’ ia 
th ten | bg |) wash with 2. 5 per cent (NH4)2SOu4; no special 
: . : . } precaution taken in charring; no deflagration, 
_ abe Washed with hot 1 per cent NH,C]; final wash 
no 527 = ~ “ . . 
1528 152 -0001 |) Ww ith 2.5 per cent NH, Cl; no special precau- 
tion taken in charring; no deflagration. 





. 1562 . 1561 —. 0001 ‘| 





V. EXAMINATION OF FILTRATES FROM HYDROLYSIS FOR 
PRESENCE OF RUTHENIUM 


All of the filtrates in the foregoing experiments were carefully 
examined for the presence of ruthenium. The tests which were used 
were made as follows: 


1. DEVELOPMENT OF A GREEN OR BLUISH-GREEN COLOR BY 
REACTION WITH THIOUREA 


Chugaev," in his researches on osmium compounds, discovered a 
reaction which serves as a delicate test for osmium. He found that 
when a solution containing osmium tetroxide or potassium chloroés- 
mate, acidified with a few drops of hydrochloric acid, is heated with 
thiourea (CS(N H,),) for a few minutes a deep red or rose color develops. 
The limit of sensitivity, according to Chugaev, appears to be 1 part 
in 100,000 parts of solution. 

It was observed in this laboratory that thiourea also develops a 
color with ruthenium solutions under conditions similar to those 
specified by Chugaev for osmium. The color with ruthenium is 
green or bluish-green, depending upon the concentration of the ruthe- 
nium. The limit of sensitivity appears to be the same as that for 
osmium. The test becomes uncertain, however, if the ruthenium 
solution has been treated with nitric acid or with aqua regia. 


2. DEVELOPMENT OF A PINK OR ROSE COLOR BY REACTION WITH 
SODIUM THIOSULPHATE 


This delicate test was discovered by C. Lea,'! who found that when 
an ammoniacal solution of ruthenium chloride is heated for a few 
minutes with sodium thiosulphate (Na,S.O;), a permanent pink or 
rose color develops, depending upon the concentration of the ruth- 
enium. The limit of sensitivity of this test likewise appears to be 1 
part in 100,000 parts of solution. In using this test it was observed 
that previous treatment of the solution with nitric acid or with aqua 
regia had no effect upon the development of the color. 

The filtrates and wash waters from the experiments reported in 
Table 1 were evaporated to dryness, moistened with a few drops of 
hydrochloric acid, diluted to 5 ml, and heeted with a few crystals of 


83 LL. Chugaev, Compt. rend., 167, p. 235; 1918. 
4 Cited by William Crookes, Select Methods in Chemical Analysis (Longmans, Green & Co.), p. 4633 
1894. 
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thiourea. No green color was observed. Solutions containing 0.0001 
¢ of ruthenium were simultaneously tested. These solutions did 
develop a distinct color. 

The filtrates and wash waters from the experiments reported in 
Tables 2, 3, 4, and 5 were evaporated to dryness and the brom cresol 
purple indicator present destroyed by evaporation with concentrated 
nitric acid. The nitric acid was destroyed by repeated evaporation 
with concentrated hydrochloric acid before testing with thiosulphate. 
No pink color was detected in the solutions of the evaporated fil- 
trates. Solutions containing 0.0001 g of ruthenium were similarly 
treated and did develop the characteristic pink color. 


VI. PRECIPITATION OF RUTHENIUM FROM SOLUTIONS 
CONTAINING POTASSIUM CHLORIDE 


A few experiments were made to ascertain whether the presence 
of alkali chlorides would cause any error in the determination of 
ruthenium by hydrolysis. 

The determinations were made as has been previously described, 
care being taken to wash the filters and precipitates until no chloride 
ion could be detected in the wash waters. The filters and precipi- 
tates were finally washed four to five times with a 2.5 per cent 
solution of ammonium sulphate to prevent deflagration on ignition. 
In experiments Nos. 1 and 2 the precipitates were redissolved in 6 
N hydrochloric acid after they had been washed only partially. 
These solutions, freed from paper pulp, were evaporated to eliminate 
the excess of acid, diluted to a volume of 150 ml, and the ruthenium 
reprecipitated. 

The details of the experiments are condensed in Table 6. 


TABLE 6.—Determination of ruthenium by hydrolysis in presence of potassium 
chloride 





Ru re- 


Y« aka day eont ry | , € ro 
| Salt taken | Rupresent| overeq Error | Remarks 





g g g g 
0. 4546 0. 1420 0. 1420 0. 0000 |fRu content of salt used, 31.24 per cent; 10 per 
. §228 . 1633 . 1631 —. 0002 || cent KCI present; 2 precipitations. 
. 4407 . 1377 . 1377 . 0000 |fRu content of salt used, 31.24 per cent; 10 per 
. 3461 . 1081 . 1082 +.0001 || cent KCl present; single precipitation. 
} | . * 9 = 
: | ? . fRu content of salt used, 30.94 per cent; 0.7 per 
. 6110 . 1891 . 1891 . 0000 \ cent KCI present. 


Notre.—All 5 of the metal residues were leached with hot water. There was no change in weight, except 
in experiments Nos. 3 and 4, each of which lost 0.0001 g. 


VII. DETERMINATION OF RUTHENIUM IN ALKALINE 
SOLUTIONS 


As stated in the introduction to this paper, an alkali hydroxide 
may be used to absorb the ruthenium tetroxide set free by distilla- 
tion. ‘Two experiments were made to ascertain whether any error in 
the determination was introduced by having made the solution of 
ruthenium alkaline. 

Two 10 ml portions of a solution of ruthenium chloride, equivalent 
to 0.0105 ¢ of ruthenium, were each made strongly alkaline with a 
freshly prepared solution of sodium hydroxide. The solutions were 
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boiled gently for about three minutes, then cooled and acidified with q 
large excess of hydrochloric acid. The solutions were evaporated to 
dryness, diluted to a volume of 150 ml with water and the ruthenium 
precipitated by hydrolysis. The quantities of ruthenium recovered 
were 0.0104 and 0.0105 g. 


VII. BEHAVIOR OF RUTHENIUM WHEN PRESENT AS A 
NITROSOCHLORIDE 


In the preceding experiments the ruthenium was present as the 
chloride or as ammonium chlororuthenate. From solutions of such 
compounds the complete precipitation of ruthenium by hydrolysis is 
easily accomplished. If the solution of ruthenium chloride has been 
evaporated with considerable alcohol, thus causing the reduction of 
the ruthenium to the tervalent stage, ruthenium can be quantita- 
tively precipitated under the conditions described, but the precipitate 
is somewhat slow in settling and, in general, is not as easy to handle 
as the quadrivalent compound. 

A few experiments were made with solutions in which the ruthe- 
nium was present, partly if not entirely, as nitrosochloride (RuCl,;NO). 
This type of compound results when solutions of ruthenium are sub- 
jected to a somewhat prolonged treatment with nitric acid or with 
aqua regia and forms an important class of ruthenium compounds. 
It was found that solutions containing ruthenium as nitrosochloride 
yielded only a slight precipitate which appeared to have a tan color 
rather than the black usually observed. 

Several different treatments were tried, qualitatively, in an attempt 
to remove the nitroso radicle. In one a boiling acidified solution of 
the nitrosochloride was saturated with a current of chlorine. In 
another the solution was made strongly alkaline with sodium hydrox- 
ide and boiled. In a third the solution was made alkaline, sodium 
peroxide added, and boiled. None of these treatments was at all 
effective. 

Wichers,” in his experiments on the separation of rhodium from 
platinum, had observed the incomplete precipitation of ruthenium 
when solutions of the nitrosochloride were boiled with a suspension 
of barium carbonate. He concluded that the solution as prepared 
really contained a mixture of chloride and nitrosochloride, and that 
the former compound was hydrolyzed with complete precipitation 
while the latter precipitated only slightly if at all. 


IX. BEHAVIOR OF RUTHENIUM WHEN PRESENT AS AN 
AMMINE 


A solution of ammonium chlororuthenate which had been made 
ammoniacal and boiled, then acidified with hydrochloric acid and 
neutralized with sodium bicarbonate, gave only a small amount of 
black precipitate. The greater portion of the ruthenium remained 
in solution, imparting to it a dark color. Such a behavior was to be 
expected, since the platinum metals are transformed in ammoniacal 
solution into ammines, some of which are very stable. 





15 ‘E. Wichers, J, Am. Chem, Soc., 46, p. 1818; 1924 
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X. SUMMARY OF RESULTS OBTAINED 


1. Ruthenium, when present as a chloride, can be quantitatively 
precipitated as a hydrated oxide from a boiling solution having a 
pH value of about 6.0. If present as nitrosochloride or as ammine 
only a slight precipitation occurs. 

2. There is a tendency to deflagrate, with accompanying loss of 
ruthenium, when the hydrated oxide is converted by heat into the 
anhydrous oxide. This tendency is minimized if the filters contain 
a small quantity of either ammonium sulphate or ammonium chlo- 
ride. The quantity of salt retained when the filters and precipi- 
tates are washed with a 2.5 per cent solution of either of the 
salts named appears to be sufficient to overcome the danger of 
deflagration. 

3. The presence in the solution of alkali chlorides, such as potas- 
sium chloride, introduces no appreciable error into the determina- 
tion. The alkali chloride may be completely removed from the 
precipitate by washing. 

4. There is no significant loss of ruthenium on ignition in air, 
with the full heat of the Tirrill burner, during the time required in 
the analysis, namely, one hour. 

5. The detection of ruthenium in solution is readily accomplished 
by reaction with thiourea. The limit of sensitivity appears to be 
| part in 100,000 parts of solution. 


XI. THE METHOD 
1, PRECIPITATION 


Use clean unetched beakers. Adjust the volume of the solution 
so that it contains not more than 0.2 g of ruthenium in 150 ml. If 
necessary, acidify with hydrochloric acid. If the ruthenium solu- 
tion has been evaporated with a considerable quantity of alcohol, 
add 5 ml of freshly prepared chlorine water and boil. In any case, 
heat the faintly acid solution just to boiling and add a 10 per cent 
solution of sodium bicarbonate, free from insoluble matter, until a 
precipitate suddenly coagulates. Add a few drops of brom cresol 
purple indicator. Then add _ sufficient bicarbonate solution to 
produce a faint purple color, boil five to six minutes, and filter imme- 
diately. Wipe the inner walls of the beaker and also the glass 
stirring rod with a small piece of filter paper to remove adhering 
precipitate. Wash thoroughly with a hot 1 per cent solution of 
ammonium sulphate. Finally wash three or four times with a cold 
2.5 per cent solution of ammonium sulphate. 


2. IGNITION 


Place the filter and precipitate in a porcelain crucible and char 
the paper somewhat slowly. The dried filter will usually char 
completely when once it begins to smoke. Ignite the residue to 
remove all carbonaceous matter. 


3. REDUCTION 


Cover the crucible with a Rose lid, preferably of quartz. Intro- . 
duce into the crucible a stream of hydrogen, burning from the tip 
of a Rose delivery tube (a quartz tube is preferred). After five 

T7886 °—29——12 
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minutes remove the burner and a few minutes later extinguish the 
hydrogen flame by momentarily breaking the current of hydrogen, 
This is best done by having a section of the rubber delivery tube 
replaced by a glass tube, one end of which can easily be disconnected, 
Allow the ruthenium to cool in an atmosphere of hydrogen and weigh 
as metallic ruthenium. 


Acknowledgment is made to Edward Wichers for many helpful 
suggestions. 


WASHINGTON, June 14, 1929. 
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OBSERVATIONS ON THE IRON-NITROGEN SYSTEM 
By S. Epstein, H. C. Cross, E. C. Groesbeck, and I. J. Wymore 


ABSTRACT 


By means of thermal analyses, microscopic examinations, and X-ray analyses 
of nitrided electrolytic iron specimens a study has been made of the iron-nitrogen 
system. From the data obtained and with the diagrams of Sawyer and Fry as 
a basis, a modified iron-nitrogen constitution diagram has been tentatively 
drawn. The upper temperature horizontal noted by Sawyer was also observed, 
but this has been ascribed to a peritectoid instead of a eutectoid transformation. 
Three nitrided layers were observed, whereas Fry noted only two. The three 
layers have been designated as Fe,N, Fe,N, and FesN. Observations on several 
specimens of aluminum molybdenum nitriding steel are also described. 


CONTENTS 
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. Discussion of Sawyer’s and Fry’s diagrams - - - - - - 

. Thermal analyses 

. Microscopic examination Sk 

. X-ray diffraction analyses. --------- 

. Tentative iron-nitrogen diagram 

. Observations on the structure of commercial nitriding steels 
. Summary 


I. INTRODUCTION 


From the standpoint of nitriding, the constitution diagram of the 
iron-nitrogen system is important, mainly because it must form the 
basis of our understanding of the more complex system involved in 
the nitriding of the special alloy steels. No practical use has been 
made, or is very likely to be made, of nitrided pure iron. The iron- 
nitrogen system may conveniently be divided into two parts—one of 
a low nitrogen content corresponding with the core of nitrided articles 
and one of a much higher nitrogen content, corresponding with the 
case. 

The low-nitrogen side of the diagram is of general importance, since 
it is believed that comparatively small amounts of nitrogen may 
materially affect the mechanical properties of iron and steel. Accord- 
ing to the diagram as determined by Fry,! the iron-nitride constitu- 
ent, familiar to metallographers in its characteristic needle form, is 
appreciably soluble in iron in the temperature range 500° to 550° C. 
and much less soluble at room temperature. This suggested to 
Griffiths * that nitrogen may be a factor in the temper brittleness of 
steel and he obtained evidence tending to support this view. More 
recently, Dean, Day, and Gregg* showed, as was predicated by 








1 Fry, A., Stickstoff in Eisen, Stahl und Sonderstahl. Stahl und Eisen, 43, p. 1271, 1923; Kruppsche 
Monatshefte, 4, p. 138; 1923. 

? Griffiths, W. T., Note on Nitrogen as Possible Factor in Temper Brittleness, J. Iron & Steel Inst., 
111, p. 257; 1925. 

5 Dean, R. S., Day, R. O., and Gregg, J. L., Relation of Nitrogen to Blue Heat Phenomena in Iron and 
Dispersion Hardening in the System Iron-Nitrogen, Technical Publication No, 193, A. I. M. M. E.; 1929. 
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Sawyer,‘ that the needlelike iron-nitride constituent causes precipi- 
tation or dispersion hardening in iron and therefore likewise suggested 
that temper brittleness and blue-heat phenomena in iron may “be due 
to nitrogen. An investigation of the iron-nitrogen system by Mura- 
kami and his associates has been announced,’ in which two compounds 
on the iron side of the diagram have been found by means of magnetic 
analysis and microscopic examination. Only the results of the X-ray 
studies were available in published form at the time the bureau report 
was written. 

The accurate determination of the iron-nitrogen diagram, especially 
for alloys of high nitrogen content, is extremely difficult. Fairly 
homogeneous alloys of iron and nitrogen of very low nitrogen content 
can be obtained by melting iron in an atmosphere of nitrogen, but 
alloys of high nitrogen content can not be produced in this way, even 
under very high pressures of nitrogen. Under a pressure of 3 atmos- 
pheres Sawyer ° obtained an alloy of 0.034 per cent’ nitrogen content, 
under 200 atmospheres Andrew * obtained an alloy of 0.3 per cent 
nitrogen, and according to a calculation by Sawyer under 900 atmos- 
pheres an alloy of 0.6 per cent should be obtained. According to 
Sawyer’s calculation, the constant, 0.02, multiplied by the square 
root of the nitrogen pressure gives the percentage of nitrogen in the 
alloy. Since the nitrogen pressure enters into this formula as the 
square root it will be apparent, that, if even the formula is approxi- 
mately correct, obtaining very high nitrogen content in iron by 
melting under pressure is hardly practicable. 

The usual method of introducing nitrogen into iron is by diffusion 
into hot solid iron; molecular nitrogen does not diffuse appreciably, 
and nascent nitrogen, such as is formed by ‘‘cracking” ammonia gas 
by passing it over hot iron, is necessary. In this way iron-nitrogen 
alloys containing a maximum of about 11 per cent nitrogen may be 
produced. Howev er, the nitriding is not uniform, but ‘takes place 
by the formation of several distinct layers of different iron-nitrogen 
compounds and constituents, so that the chemical composition of 
even a very small nitrided particle may vary discontinuously from a 
small fraction of a per cent near the center to the maximum of about 
11 per cent nitrogen at the surface. The difficulty of determining 
and interpreting critical points in such specimens by a precise method, 
such as thermal analysis, is manifest. Moreover, there is the added 
difficulty that the nitride layers are very unstable, nitrogen gas being 
liberated upon heating to temperatures as low as 300° C. and the gas 
evolution increasing rapidly at higher temperatures. Thus, during 
a thermal analysis the chemical composition of the specimen is always 
changing, and the heat effects produced by the gas evolution may 
obscure transformation points or be mistaken for them. The fact 
that the iron-nitrogen alloys decompose when heated makes it prac- 
tically impossible to obtain homogeneous specimens by annealing, 
except Ww ith those of comparativ ely low nitrogen content. The 


4 Sawyer, C. B., Nitrogenin Stecl. Trans. Am: Inst. Min. & Met. we ‘ns 799; 19238, The Reactions 
and Effects of Nitrogen in Steel, Trans. A. 8. S. T., 8, p. 291; 1925. 

5 Osawa, A., and Iwaizumi, S., X-ray Investiga ation of Iron and Nitrogen Alloys, Sci. Repts., Tohoku 
Imperial Univ., Sendai, Japan; Series I, 18, No. 1, 1929. 

6 Sawyer, C. B., Nitrogen in Steel, Trans. A. I. M. M. E., 49, p. 799; 1923. 

7All percentage figures for nitrogen used herein are by weight, not by volume. 

s’Andrew, J. H., The Influence of gases upon the Critical Ranges of the Iron Carbon Alloys, Iron & Steel 
Inst. Carnegie Schol. Mem., 3, p. 236, 1911; Iron and Nitrogen, J. Iron & Steel Inst., 86, p. 210; 1912, 
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determination of the iron-nitrogen diagram by the use of nitrided 
specimens may be likened to a hypothetical study of the iron-carbon 
diagram in which only carburized specimens were available, wherein 
not only one iron-carbide was formed but two or more, and in which 
much of the carbon escaped on heating and cooling. 

Early in 1922, before either Sawyer’s or Fry’s work was published, 
the Bureau of Standards began a series of thermal analyses of nitrided 
specimens. While it soon became evident that thermal analysis 
alone is insufficient for establishing the relationships between iron 
and nitrogen, the work was continued as time permitted. Within 
the last year, however, the work has been more active and an at- 
tempt has been made, with the diagrams of Sawyer and Fry as a 
basis, supplemented by microscopic and X-ray examinations, together 
with the thermal analysis data, to resurvey some portions of the 
iron-nitrogen system. 

No claim whatever is made that the present paper completely 
settles the iron-nitrogen constitution diagram. Some of the inter- 
pretations of the data are matters of opinion. In a system beset 
with so many difficulties, final conclusions can not be hastily drawn. 


4 
Percent Nitrogen, 


Figure 1.—Sawyer’s iron-nitrogen constitution diagram 


II. DISCUSSION OF SAWYER’S AND FRY’S DIAGRAMS 


A brief discussion may here be given of the two existing diagrams 
of the iron-nitrogen system determined independently by Sawyer °® 
and by Fry ' at about the same time, in 1923. These diagrams are 
shown in Figures 1 and 2. Sawyer depended largely on thermal 
analysis, which he supplemented by microscopic examinations. Fry, 
on the other hand, in view of the previously mentioned difficulties 
involved in thermal analysis, avoided this method entirely and relied 
mainly on microscopic examinations. Fry worked with a 0.1 per 
cent carbon steel and Sawyer with very low carbon sheet iron. 

On the lower nitrogen side of the diagram Sawyer and Fry are 
in substantial agreement. The diagram in this region closely re- 
sembles the iron-carbon diagram. Nitrogen, like carbon, lowers the 
A; point of iron and a eutectoid, Braunite," a constituent named 
for one of the first to study this system, occurs similar to pearlite 








® See footnote 6, p. 1006. 
10 See footnote 1, p. 1005. 
1! Braune, H., Influence De L’ Azote Sur Le Fer et L’Acier, Rev. de Métallurgie, 2, p. 498, 1905; 4, p. 834; 
1907, Stahl und Eisen, Ueber die Bedeutung des Stickstoff’s im Eisen, 26, p. 1357; 1906. 
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in steel, but contains about twice as much nitrogen as the carbon 
content in pearlite. Sawyer placed the nitrogen content of Braunite 
at 1.7 per cent, Fry at 1.5 per cent. The eutectoid horizontal in 
the iron-nitrogen system is about 100° C. lower than in the iron- 
carbon system. Sawyer placed it at 620° C. and Fry at 580° C, 
The solid solubility of nitrogen in iron at room temperature is quite 


Q 
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Fiaure 2.—Fry’s iron-nitrogen constitution diagram 


low, Sawyer placed it at 0.03 per cent and Fry at 0.015 per cent. 
This is somewhat higher than the solubility of carbon in iron at 
room temperature which is considered to be below 0.01 per cent.” 
Sawyer did not determine the solubility of nitrogen at the eutectoid 
horizontal, but Fry sets this at the very appreciable value of 0.5 per 
cent; in this respect there is considerable difference between the 








2 Gillett, H. W., discussion of paper by M. A. Grossman on Oxygen Dissolved in Steel, and Its In- 
fluence on the Structure, presented at A. 8. 8, T. convention, 1928. 





wel Iron-Nitrogen System 1009 
behavior of carbon and nitrogen, since the solubility of the former 
at the A, point is not very much higher than at room temperature, 
it being generally placed at about 0.035 per cent. 

For alloys of higher nitrogen content Sawyer’s and Fry’s diagrams 
are at considerable variance, as may be briefly pointed out. Sawyer 
considered the nitrogen compound, which together with iron, forms 
the eutectoid, Braunite, to be FesN whereas Fry considers it to be 
Fe,N. Sawyer, from his thermal analyses and from microscopic 
evidence which will be discussed later, decided that there was another 
eutectoid transformation, which takes place at 690° C. between the 
compounds Fe,N and Fe,N. Fry’s diagram does not contain this 
horizontal. Sawyer did not continue his diagram beyond the com- 
pound Fe,N (4 per cent nitrogen), but Fry also included the compound 
Fe.N (11.3 per cent nitrogen), which he indicated to be unstable. 

Murakami concluded from his recent studies * that there are two 
iron-nitrogen compounds, Fe.N and Fe,N, corresponding to nitrides 
I and II described by Fry. His interpretation of the complete diagram 
is not yet available, however. 

Fry also made magnetic measurements and placed a magnetic 
transformation horizontal across the lower nitrogen side of the diagram 
at 480° C. Indications of thermal transformations, in the form of 
“swings” instead of definite arrests, in this temperature range were 
obtained in the bureau’s thermal analyses, but it is not certain that 
the magnetic transformation had any relationship to the low temper- 
ature “‘swings.” The interpretation of these thermal effects was not 


sufficiently clear, however, to warrant representing them on the 
constitution diagram. 


Ill. THERMAL ANALYSES 


In order to obtain as uniform distribution of nitrogen as possible, 
Sawyer nitrided thin disks of sheet iron 0.228 mm thick which he 
piled on top of one another to form his thermal analysis specimens. 
At the bureau, after some preliminary work with solid pieces of iron, 
it was decided to use electrolytic iron crushed, before nitriding, into 
granules to pass through a 20-mesh sieve and in later work through a 
30-mesh sieve. 

The electrolytic iron cathodes used as raw material were first 
cleaned with hydrochloric acid if the surface was oxidized, washed 
with water and with alcohol, dried, and pulverized in a steel mortar 
to pass a 30-mesh sieve. In order to reduce any oxide present, the 
powdered iron was heated to 900° C. in oxygen-free and dry hydrogen 
for three hours or 950° C. for two hours and allowed to cool in the 
hydrogen. In nitriding, a 40 g sample of the reduced iron was placed 
in a thin layer in an alundum boat in an electric tube furnace, a 
thermocouple being inserted into the charge for temperature control. 

A stream of very pure ammonia gas, further purified by passing 
through two towers, one containing soda lime and the other solid 
caustic potash, was passed through the furnace tube to displace the 
air. The furnace was then heated to the desired temperature, hed 
there for the desired length of time, and the sample allowed to cool 
in the furnace, the flow of ammonia being maintained through the 
whole cycle. A flow gage at the exit end of the tube allowed main- 
tenance of a constant flow of the gas. 





43 See footnote 5, p. 1006. 
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In some of the experiments the samples, after nitriding, were 
heated in an atmosphere of nitrogen at definite temperatures and for 
a known period of time. Commercial nitrogen was passed over hot 
copper in a second tube furnace to remove oxygen, then through a 
phosphorus pentoxide tube for removal of water, and then through 
the soda lime and caustic potash towers and over the specimen in the 
tube furnace of the apparatus above described. 

In order to obtain a compact specimen and to insure close contact 
with the thermocouple tip in the thermal analysis, the powdered 
nitrided iron was compressed in a steel die under 75,000 Ibs./in. 
pressure, into briquettes 0.26 by 0.32 by 0.50 inch. Specimens with 
an average nitrogen content of 2.4 per cent or less were strong enough 
so that they could be slotted with a hacksaw and handled as a solid 
specimen. With higher nitrogen, the briquettes would crumble in 
the fingers; hence the thermal runs on specimens showing 2.5 to 5 per 
cent nitrogen by analysis were made on the pulverulent samples 
packed tightly about the thermocouple bead in a small alundum 
crucible which was kept tightly covered. 

Table 1 shows the conditions of nitriding and the nitrogen content 
of samples prepared, and also the time and temperature of heating 
for the specimens which were annealed in nitrogen. 


TaBLE 1.—Nitriding conditions for specimens for thermal analyses 





| 
Nitriding conditions| Annealing 


| i 
Specimen No. | Time at | Period at 
Temper- | tempera- | Temper- | tempera- 
ature | turein ature | turein 
| nitrogen 





Nitrogen 
content ! 





Per cent 
<<. | Hours | by weight 


14 








650 
650 
650 
650 
1 600 


1 750 1 
1 850 1 
1 950 1 
1 950 1 


1 All nitrogen determinations, here and elsewhere, were made by L. Jordan, chemist, and associates. 

? Sample 8, after thermal analysis (maximum temperature of thermal analysis run, 875° C.), contained 
0.18 per cent nitrogen. 

§ Not annealed. 

‘Sample 26, after thermal analysis (maximum temperature of thermal analysis run, 1,030° C.), con- 
tained 0.04 per cent nitrogen. 

’ Sample 13, after thermal analysis (maximum temperature of thermal analysis run, over 930° C.), con- 
tained 0.20 per cent nitrogen. 

6 Sample 15, after thermal analysis (maximum temperature of thermal analysis run, 967° C.), contained 
0.02 per cent nitrogen. 
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The amount of nitrogen taken up is obviously dependent on both 
time and temperature. It is probable also that the rate of flow 
through or the pressure in the furnace may influence the degree of 
nitriding. These factors were maintained as constant as possible, 
although the control was by no means perfect. With few exceptions 
(notably Nos. 5a and 14, and No. 4), the series is fairly self-con- 
sistent. In general, it appears that nitriding at 550° C. is nearly as 
rapid as at 650° C. It may be concluded from Table 1 that decom- 
position on heating in nitrogen at or below 650° C. was slow, but 
that at 750° C. or above it was rapid, being almost complete in an 
hour. 

As shown in Table 1, sample No. 8, nitrided three hours at 450° 
C. (0.21 per cent nitrogen), retained almost all its nitrogen (0.18 per 
cent) after thermal analysis, and No. 13, containing 0.50 per cent 
nitrogen after being nitrided one-half hour at 650° C. and heated 
one-half hour in nitrogen at 650° C., retained 0.20 per cent after 
thermal analysis. This specimen, however, gave evidence of evolu- 
tion of nitrogen while passing through its critical point at 600° C. as 
shown by the flow meter registering the passage of the stream of 
nitrogen out of thermal analysis tube. 

On the other hand, No. 15, initially containing much more nitro- 
gen than No. 13, showed almost none after thermal analysis, and 
No. 26 with about 2% per cent nitrogen initially, lost almost all of 
this during thermal analysis. It seems, therefore, that an iron- 
nitrogen alloy produced by nitriding till only a low nitrogen content 
is attained is more stable on heating than the alloys corresponding to 
a relatively large percentage of nitrogen. 

[t is evident that, on account of decomposition during the heating 
run, the cooling curves will not all represent the initial nitrogen con- 
tent and that most of the cooling curves may represent iron which is 
practically nitrogen-free. The decomposition might also be expected 
to change the compactness and size of the briquette so that less inti- 
mate thermal contact might result between thermocouple bead and 
briquette in the upper part of the heating curve as well as on the 
cooling curve. 

The inverse rate thermal analysis apparatus and methods used at 
the Bureau of Standards have been described by Scott and Freeman 
and by French." 

The thermal curves obtained with the unannealed specimens 
listed in Table 1 are shown in Figure 3. No effect due to nitrogen was 
visible with 0.02 per cent nitrogen. With 0.14 per cent nitrogen a 
definite point appeared at about 600° to 620° C. With 0.21 per cent 
nitrogen the low temperature swing appeared on a run not reproduced 
in Figure 3, the 600° to 620° C. point also appearing. With 0.27 per 
cent only the 605° C. point appeared. With 0.30 per cent nitrogen 
a sharp low temperature swing occurred, but the lower part of the 
curve is of doubtful reliability, as it does not show the proper shape. 
The point appearing at 590° to 620° C. was shown by all subsequent 
curves, through 0.95 per cent nitrogen. 

With 1.41 per cent nitrogen the 590° to 620° C. point appeared 
and a higher temperature point also. With 2.40 per cent nitrogen the 





‘Scott, H., and Freeman, J. R., jr., Use of a Modified Rosenhain Furnace for Thermal Analysis, B. 8. 
Sci. Paper No. 348, 1919. 

‘6’ French, H. J., A Recording Chronograph for the Inverse-Rate Method of Thermal Analysis, B.:S. 
Tech. Paper No. 230, 1923, 
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cooling curve (specimen No. 6, fig. 3), like those of all the lower 
nitrogen specimens of this series taken after the temperature has 
been raised to 900° C. or above, showed no effect of nitrogen. A 
duplicate (first) run on a second sample of No. 6° carried only to 
670° C. showed a point on cooling (fig. 3), thus indicating that there 
is a certain reversibility of the thermal effect due to nitrogen if the 
nitrogen is not lost by decomposition. Throughout the rest of the 
series the 590° 'to 620° C. point and the higher temperature point that 
first appeared with 2.40 per cent nitrogen were observed. 

The thermal curves obtained with specimens annealed in nitrogen 
after nitriding (Table 1) are shown in Figure 4. The results obtained 
with samples containing 0.03 per cent nitrogen or less are not con- 
sistent. In this range of nitrogen content, if the specimens were 
uniform throughout each grain, according to Sawyer, the nitrogen 
would be in solid solution at all temperatures, and, according to 
Fry, would be in solid solution above 400° C. 

With samples of a higher nitrogen content, No. 4 (0.19 per cent 
nitrogen), Figure 4, doubtful swings and sharply marked double 
points were noted. This was heated only to 675° C. and the cooling 
curve again showed a doubtful swing. No. 13 with 0.50 per cent 
nitrogen was one of the most interesting specimens. A point of marked 
intensity, comparable to A,, was observed which strongly indicated 
the presence of a definite eutectoid. On duplicate runs the heating 
curves of Nos. 13 and 13° (fig. 4) gave identical results, but the 
cooling curves showed no sign whatever of any effect of nitrogen. 
During the heating of Nos. 13 and 13°, copious evolution of nitrogen 
took place as the sample passed through the point at 600° C. 

The average nitrogen content of this specimen, 0.50 per cent, 
happens to coincide with the limit of solubility of nitrogen in ferrite 
at 0.50 per cent shown by Fry. The temperature, however, was 
605° C. against Fry’s figure of 580° C., established by quenching and 
metallographic examination of the quenched specimens rather than 
by heating curves. Since the 0.50 per cent refers to average nitrogen 
content, it is not likely that the specimen really represents that com- 
position on Fry’s diagram. 

The critical ranges on heating found in the unannealed nitrided 
series of Figures 3 and of the nitrided and annealed series of Figure 
4 are shown in Figure 5, in which circles show the maxima of the runs 
on samples not annealed and crosses those of the annealed series. 
The length of the vertical lines shows the width of the temperature 
range. The points group themselves, for specimens with 1.25 per 
cent nitrogen and above, quite definitely about two temperatures, 
660° and 605° C., and the ranges always pass through those tem- 
peratures. 

It will be observed that the A, point in alloys of high initial nitrogen 
content is very much weaker in both heating and cooling curves than 
is normal for electrolytic iron, and that while the method appears 
sensitive enough to show A, even on briquetted specimens, in many 
cases neither A. nor A, was detected. 

Nitriding in the nitrogen-hydrogen mixture resulting from the 
cracking of ammonia might be expected to result in the removal 
by hydrogen of the carbon and oxygen present in electrolytic iron. 
The upper end of the heating curve and the cooling curve should, 
therefore, represent iron more or less purified from carbon and 
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oxygen, but contaminated with some nitrogen. Since Yensen ™ 
argues that pure iron free from carbon and oxygen should have 
no transformations, these thermal analyses indicate that Yensen’s 
hypothesis deserves respectful consideration. 

As shown in Figure 5, Sawyer’s two arrests in higher nitrogen alloys 
were confirmed. The lower one, which undoubtedly represents the 
Braunite eutectoid transformation, may be set from these results at 
605° C. The upper horizontal which occurred only in alloys of 
average composition, 1.25 per cent nitrogen or higher, may be set at 
660° C. As will be discussed later, microscopic examination indicated 
that this upper transformation could not be due to another eutectoid 
on the higher side of the diagram as Sawyer decided, but that it was 
probably due to a peritectoid reaction above the eutectoid horizontal. 

Another point on which the thermal analyses throw some light is 
the solid solubility of nitrogen in iron. In iron containing 0.2 per 
cent average nitrogen (specimen 4, fig. 4) the arrest in the eutectoid 
transformation range was not sharp, as in iron containing 0.5 per cent 
average nitrogen (specimen 13, fig. 4), but was doubled. A possible 
interpretation of this is that the lower portion of the double transfor- 
mation represents the solution of the nitride in alpha iron and the 
upper portion the eutectoid transformation of that zone of the speci- 
men having a higher nitrogen content. If this view is correct, it 
would indicate appreciable solubility of nitrogen in iron at the eutec- 
toid transformation temperature, and thus partly substantiate Fry’s 
figure of 0.5 per cent. That a definite arrest was obtained in the 
specimen of 0.5 per cent average nitrogen content can not be considered 
as evidence that no more than this content is soluble, because of the 
lack of uniformity in the composition of the specimens. In this range 
the average nitrogen content appears to be roughly only about a 
third of that of the outer layer. 


IV. MICROSCOPIC EXAMINATION 


In examining under the microscope sections of the granules used 
in the thermal analyses the two layers described by Fry as Nitride I 
and Nitride II and considered by him to be solid solutions of the 
compounds Fe.N and Fe,N, respectively, were recognized. However, 
no eutectoid between the two layers was found such as Sawyer re- 
ported. His explanation that the upper horizontal shown by thermal 
analysis represented a eutectoid transformation can only hold if such 
a eutectoid exists. The other possible way of accounting for the 
upper horizontal—namely, that it represents a peritectoid reaction— 
is therefore suggested. Such an explanation, however, calls for the 
presence of another compound, as shown in Figure 20. In examining 
blocks of remelted electrolytic iron specially nitrided for the purposes 
of microscopic examination, an extreme outer layer not hitherto 
observed in the granules and not described by Fry was detected. 
At first this surface layer was thought to be due to oxide resulting 
from moisture in the ammonia gas used, but as it still appeared after 
the ammonia had been dried with metallic sodium, it was decided to 
be another nitride layer. The support this gave to the supposition 
that the upper horizontal represented a peritectoid reaction was 





‘6 Yensen, T. D., Pure Iron and Allotropic Transformations. Tech. Pub., 185, Amer. Inst. Min. & 
Met, Engrn.; February, 1929, 





*SOAIND ZUIIVOY OVI OSIOAUT OY} WO S}solIw 9}BOIPUT s}aIod oT, 
saaind sishjoup yousay? fo havnwwmng—s auoorg 


N3908LIN LN3D Yd 
IIdWVS J IOHM JO NOILISODWOD S9OVYESAV TIVILINI 


Ta" Lge eae See beet ee 8 eas 
oS cv Ov se ove Sd Od a | 01 
SNOILVNYOISNWYL 4O SIONVY 
JYUNLVYESIDNAL JLYDIGNI S3NM WWDILY3A 


G31V3NNV ONY G30GINLIN-x 
OQ31V3NNVY LON LNG G3ICINLIN—-O 





NIGER OCG se" eee ree ee ee oy 


wonixwn 1 
2809 


ON3 ,S29 
NID38,0°9 —  — S$ —— — —— —— — — — — — 





WNWIXWIN | , 
099 





SHNLVYESdWI3L 


ON3 ,.Ss9o9-— 


—_ 
SO 
~~ 
8 
DO 
~y 
Pe 
Re 
> 
~ 
S 
= 
= 
i=) 
S 
2 
~ 
8S 
sS 
= 
=; 
7) 
> 
~~ 
= 
8) 
~ 
= 
rea} 


SGVYSILNAD S338940 














Epson Or nore) Iron-Nitrogen System 1017 
recognized, and the regions in the diagram on both sides of this line 
were explored by microscopic examination for further confirmation. 

The details of the microscopic examination will now be described. 
Figure 6 shows the appearance of sections through the granules of 
two thermal analysis specimens. The structures shown are repre- 
sentative, in regard to uniformity and depth of nitriding, of all the 
thermal analysis specimens. The nitrogen penetration was not uni- 
form, most of it being concentrated in the surface layers. 

Figure 7 shows the structure of a specimen which chemical analysis 
showed to contain only 0.01 per cent average nitrogen. The presence 
of what appear to be nitride needles is of interest, for it may indicate 
that the solid solubility of nitrogen in iron may be lower than the 
value, 0.015 per cent, given by Fry. It should be remembered, 
however, that too great reliance can not be placed in the values 
obtained for nitrogen content due to lack of homogeneity of the 
specimens. 

The layers designated in Fry’s micrographs as Nitride I and Nitride 
II may be seen in Figure 8, the thicker outer layer being Nitride I. 
The outer layer is light brown in color and is not appreciably attacked 
by 5 per cent alcoholic picric acid. The thin inner layer is a lighter 
cream color, is attacked by picric acid, and also is colored dark brown 
by boiling sodium picrate; it exhibits twinning as was noted by Fry 
and Sawyer. A characteristic of this inner layer, which apparently 
has not been previously noted, is its marked tendency to form slip 
lines, as shown. ‘These probably arose when the granules were com- 
pressed into the briquettes used for thermal analysis. It appeared 
evident from the etching characteristics of the nitride needles that, 
as has also been noted by Fry, they are composed of the same con- 
stituent as the inner layer. 

In the specimens nitrided below 600° C. only the two layers and 
the nitride needles were present. In those nitrided above 600° C., 
however, the eutectoid, Braunite, also appeared. This is the dark 
constituent, resembling pearlite, shown in Figure 9. It always 
appeared on the interior side of Nitride II; without doubt, Braunite 
is a eutectoid of this compound and iron. Figure 9 (6) depicts a 
nitrided specimen otek os in vacuum at 685° C., after which it 
contained 0.5 per cent average nitrogen. The specimen was com- 
posed of approximately one-third eutectoid, and this, therefore, 
roughly confirms Sawyer’s and Fry’s values for the eutectoid com- 
position of 1.5 per cent nitrogen. 

Thus far only the structures of the electrolytic iron granules used 
for thermal analysis have been considered. Since it was difficult to 
prepare these granules satisfactorily for microscopic examination, 
small blocks of remelted electrolytic iron were nitrided and used. 
These were mounted in solder before polishing so that the sections 
could be observed to the extreme edge. The specimens were not 
ground on an abrasive wheel but were smoothed on emery paper laid 
on a board, this precaution being taken in order not to break off the 
nitrided layers. 

In these nitrided blocks an outer layer not described by Fry, 
lying outside the layer designated in his micrographs as Nitride I, 
was detected. The appearance of this layer, which has a eutectoid 
structure, is shown in Figures 10 and 11; in these and subsequent 
figures the outer nitride layer is at the top or at the left of the micro- 
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graphs. In examining nitrided electrolytic iron specimens received 
from another laboratory, the outside layer was observed and found to 
contain an oxide constituent as shown in Figure 12. It is evident, 
however, that the whole outer layer can not be attributed to oxide 
since, as ’ previously mentioned, specimens nitrided in ammonia com- 
pletely freed from moisture showed the outer layer. The color of the 
lamelle and globules present in the outer layer, in the unetched state 
somewhat resembles that of iron oxide although the layer is con- 
siderably lighter and can readily be distinguished from iron oxide 
by etching. 

This extreme outer layer was not noted by Fry, perhaps, on account 
of the rounding and cracking of the edges of his polished sections, 
but more probably because at the high temperature (680° C.) at 
which the specimens shown in his micrographs were nitrided the 
outer constituent is decomposed and only voids and fissures remain in 
its place. This is indicated by some of Fry’s micrographs. The 
‘‘decomposed appearance”’ of the structure of the outer layer upon 
nitriding at 600° C. or higher is shown in Figure 13. 

Since this newly found layer has a eutectoid structure, the question 
may arise whether it is not the eutectoid which Sawyer considered to 
be formed at the upper horizontal. The evidence indicated very 
strongly, however, that this is not so. The layer is at the extreme 
outside and can not, therefore, be : eutectoid between the two inner 
nitride compounds as indicated in Saw yer’s diagram. Moreover, the 
eutectoid structure of this outermost layer is already well marked at 
temperatures as low as 425° C. (see fig. 10 (6)), much below the 
temperature of the upper horizontal (660°C.). In fact, upon heating 
to a temperature as high as this the eutectoid structure of the outer 
layer disappears, due to decomposition. 

A number of specimens were heated above the temperature of the 
upper horizontal and slowly cooled, but, as shown in Figures 14 and 
15, no eutectoid could be detected between the two inner nitride 
layers, as is required by Sawyer’s diagram. That these specimens 
had actually passed through a transformation, upon heating to the 
temperatures used in these tests, was evident from the disappearance 
of the inner layer (fig. 16 (c)) upon quenching the specimens above 
the transformation temperature. According to Sawyer’s diagram, 
on the assumption of a eutectoid transformation, this inner layer 
should not disappear on heating to a temperature above the trans- 
formation, except at the exact eutectoid composition itself. On the 
assumption of a peritectoid transformation, however, as shown in 
Figure 20 the inner layer should disappear entirely on heating through 
the transformation. This evidence, therefore, together with the fact 
that three layers were found as called for in the construction of a 
diagram such as Figure 20, involving a peritectoid transformation, 
indicated strongly that the upper temperature horizontal represented 
a peritectoid transformation. 

Figure 17 shows the results of tests made to determine the upper 
solubility or ‘stability ”’ limit of the most stable nitride layer, namely, 
the yellowish layer not attacked by picric acid or sodium picrate, 
designated by Fry as Nitride I. Upon heating in an atmosphere of 
ammonia to 785° C., this layer still remained undecomposed, but at 
815° C. the structure after quenching showed that decomposition was 
practically complete. The solubility or decomposition limit may, 








































Lang Wise BRE diay MORE 


i i cabinet ct ne RSENS 









Vol. $ 


ved 
1 to 
nt, 
cide 
»m- 
the 
ate 
on- 
ide 


ant 
ns, 

at 
the 
. in 
‘he 


ON 


ion 

to 
ry 
me 
ler 
he 
at 
he 
ng 
er 


he 
nd 
de 
ns 
he 
ce 
ve 
n, 
er 
S- 
1e 
in 








B. S. Journal of Research, RP!26 














Nonuniform penetration of nitrogen in nitrided elec- 
100 


Figure 6. 
trolytic iron granules used for thermal analyses, 


The etching reagent in all of the micrographs was 5 per cent picric acid in alcohol, 
unless otherwise stated. a, Specimen No. 7 nitrided at 550° C. for two hours; 
average nitrogen content 3 per cent. It was evident that the bulk of the nitrogen 
in this specimen was concentrated in the thin surface layers; ), specimen No. 13 
nitrided at 650° C. for one-half hour; average nitrogen content 0.5 per cent, 
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FigurkE 7.—What appear to be nitride needles in a specimen very 
low in nitrogen, X 500 


Specimen 5a nitrided at 950° C. for one hour, then annealed at 950° C, in nitrogen for one 
hour; average nitrogen content 0.01 per cent, 
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FiGurE 8.—Layers in nitrided electrolytic iron granules 


a, Spec -imen.No. 7 nitrided at 550° C. for two hours; there is a fairly thick outer layer, and a thin 
ribbon of an inner layer can be distinguished, X 250; 6, same as a, X 500; c, the s: :me specimen 
more deeply etched. ‘This micrograph was taken not at ‘the surf: ce of the granule, but at a crevice 
along which the nitrogen penetrated. The ‘‘inner layer”’ is, of course, the one adjacent to the 
electrolytic iron (the pure white constituent containing the nitride needles and somewhat out of 
focus) while the ‘‘outer layer’”’ extends on both sides of the crevice. Even after the rather pro- 
longed etching the outer layer remained unattacked. In the inner layer what appears to be a 
twinned structure can be distinguished, X 500; d, specimen No. 10 nitrided at 550° C. for five 
hours. The outer layer may be recognized by its ‘smooth appearance; it is not attac ked by the 
etching solution. The inner layer is covered with a series of slip lines. 
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Figure 9.—The eulectoid braunite containing about 1.5 per cent nitrogen 


a, Specimen No. 6 nitrided at 650° C. for one hour; average nitrogen content 2.4 per cent, X 500 
The background at the top and bottom of the micrograph is the core of electrolytic iron. The 
dark constituent is the eutectoid braunite. The white constituent, appearing as a layer showing 
twins and as the sharply defined globular particles strung along the cracks and grain boundaries 
at the bottom of the micrograph is the ‘‘inner layer’’; 6, specimen No. 10.nitrided at 550° C. for 
five hours and then annealed at 685° C. in vacuum; average nitrogen content 0.49 per cent, 100; 
c, same as b, X 500; d, specimen No. 9 nitrided at 650° C., thea annealed at 685° C. in vacuum, 
The dark constituent is braunite, 
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FicguRE 10.—Appearance of nitrided layers in remelted electrolytic iron 
blocks, * 600 


Three distinct nitride layers can be distinguished. The extreme outer layer has previously not 
been noted. As may be seen below, the nitriding temperatures of the specimens which showed 
a well-defined extreme outer layer were rather low, 550° C. or lower. a, Nitrided 75 hours at 
500° C.; b, nitrided 25 hours at 550° C.; c, nitrided 25 hours at 550° C.; d, nitrided 75 hours at 500° C., 
etched in alkaline sodium picrate; e, nitrided 25 hours at 550°C.; etched in alkaline sodium pic- 
rate; f, nitrided 170 hours at 425° C. Boiling alkaline sodium picrate etches the inner layer brown 
or dark brown depending on the length ofetching. The extreme outer layer has the appearance of 
a eutectoid and is etched by both picric acid and sodium picrate. 
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Figure 11.—Appearance of extreme outer layer of nitrided iron block 


a, Nitrided 75 hours at 500° C., X 500; b, same spot, X 2,000, 
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FIGURE 12.—Ovxide constituent at surface of nitrided 
iron block, X 600 


The edge of the specimen is at the left side. The dark gray con- 
stitueni lining the cracks and voids was evidently iron oxide. 











FiGuRE 13.—Apparent decomposition of extreme outer nitride 


layer, < 500 


Nitrided 25 hours at 600° C. The voids and fissures in the extreme outer layer indi- 
cate the decomposition of the outermost constituent. 





B. S. Journal of Research, RP126 














Figure 14.—Appearance of nitrided iron blocks heated above upper hori- 
zontal and slowly cooled, * 500 


a, Nitrided 25 hours at 600° C., then heated one-half hour in NH; at 685° C. and furnace cooled; 
b, same as a, etched with sodium picrate; c, nitrided 75 hours at 500° C., then heated one-half 
hour in NH; at 685° C. and furnace cooled; d, same as c, etched with sodium picrate. At the 
bottom of each micrograph the eutectoid braunite is shown; this etches darker with picric acid 
than with sodium picrate; the inner nitride layer is etched a dark brown by the latter reagent. 
No signs of the formation of a eutectoid between the two inner nitride layers can be detected. 
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Figure 15.—Appearance of nitrided iron blocks heated above 
upper horizontal and slowly cooled, 500 


a, Nitrided 50 hours at 500° C., then heated one-half hour in NH; at 725°C., and fur- 
nace cooled. ‘The edge of the specimen is at the left; 6, nitrided 25 hours at 600° C., 
then heated one-half hour in NH 3 at 725° C. and furnace cooled; etched with 
sodium picrate. It is quite plain that no eutectoid was formed between the two 
inner nitrided layers. 
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FicgurE 16.—A ppearance of specimens quenched from below and above upper 
horizontal, * 500 


Etched with sodium picrate. a, Nitrided 75 hours at 500° C., then heated for one-half hour in 
NH; at 625° C., and quenched in water. The thin layer is the inner compound; the layer to the 
right corresponds to the eutectoid layer, but is martensitic due to quenching. A similar layer 
is shown in the other two micrographs of this figure; b, nitrided 75 hours at 500° C., heated to 
685° C. in NH3, slowly cooled to 625° C., held at this temperature for one-half hour and water 
quenched. The inner layer darkly etched and showing slip lines is again present, having become 
a good deal wider as a result of the heating to 685° C; c, nitrided at 500° C. for 75 hours, heated 
to 685° C. for one-half hour in NH3, and quenched in water. The inner layer which etches dark 
with sodium picrate is no longer present, 











B. S. Journal of Research, PP126 

















Figure 17.—Determination of upper solubility limit of the more stable 
nitride layer 


a, Nitrided 75 hours at 500° C., then heated in NH; at 785° C. for one-half hour and slowly cooled 
in furnace; etched with sodium picrate. The lighter colored nitride layer is still intact, 500; 
6, same as a, but quenched in water from 785° C. The light colored layer is still intact, 500; 
c, nitrided 75 hours at 500° C., heated one-half hour in N Hz; at 815° C. and quenched in water. 
The middle layer of the three shown is ferrite, indicating decomposition of the nitride layers, 
X 100; d, nitrided 75 hours at 500° C., heated one-half hour in charcoal at 625° C.; the nitride 
layers appear to be stable, X 500. 
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therefore, be placed at about 800°C. Nitride layers are undoubtedly 
more stable in an atmosphere of ammonia than in the absence of 
ammonia. Figure 17 (d) shows the structure of a nitrided specimen, 
packed in charcoal, heated to 625° C., and slowly cooled. The two 
inner nitride layers were stable at this temperature even in the 
absence of ammonia. 

Figures 18 and 19 show the martensitic condition which forms in 
the Braunite layer upon fairly rapid cooling in air. The marten- 
sitic needles due to nitrogen appear to be very similar to those in 
carbon steel. The structures shown in Figure 19 also indicate that 
just as the forms of martensite differ in high and low carbon steels, 
so in this “nitrogen martensite” the structure toward the higher 
nitrogen side of the layer is noticeably different from that toward the 
lower nitrogen side. In high carbon steels austenite is usually re- 
tained with the martensite and analogously in the nitrogen alloy the 
structure of the higher nitrogen side of the layer shown in Figure 19 
also indicates the presence of an austenitic constituent. 


V. X-RAY DIFFRACTION ANALYSES 


X-ray analyses of the crystal structure of several of the specimens 
of nitrided electrolytic iron granules and of the nitrided electrolytic 
iron blocks were made by using a General Electric Co. X-ray diffrac- 
tion apparatus and molybdenum KF alpha radiation. Particles of 
the nitrided granules which passed through a 100-mesh sieve were 
examined by the powder method. The use of the block specimens, 
which were obtained primarily for the purposes of microscopic exami- 
nation, for X-ray examination was necessitated by the lack of other 
corresponding material in a form better adapted for producing satis- 
factory diffraction patterns. The diffraction patterns of the blocks 
were obtained by directing the primary X-ray beam at a small grazing 
angle with the polished surface. Some nitrided specimens of alumi- 
num-molybdenum nitriding steels, kindly supplied by the Molybde- 
num Corporation, were also analyzed. Table 2 gives a summary of 
the results. 

It will be seen in Table 2 that all the specimens gave the hexagonal 
close packed pattern except the iron specimens Nos. 13 and 39. This 
latter specimen, shown in Figures 18 (c) and 19, apparently does not 
contain the intermediate nitride layer discussed in the microscopic 
examination. The fact that the hexagonal close-packed pattern ap- 
peared in the iron specimens nitrided at 600° and 700° C. would indi- 
cate that the hexagonal close-packed lines which were obtained can 
not be due entirely to the outermost layer described in the micro- 
scopic examination, since, as has been pointed out, this layer is de- 
' composed at these temperatures. On the other hand, it has been 
shown that the intermediate layer is stable at these and higher tem- 
peratures. The hexagonal close-packed pattern was also considered 
as not being due to the inner one of the three nitride layers. It ap- 
_ peared more probable that this innermost layer has a face-centered 
| cubic lattice, since it shows a twinned structure and the presence of 
| this crystal structure was indicated in the X-ray spectrograms. The 
| indications are, therefore, that the hexagonal close-packed pattern was 
| due to the intermediate one of the three nitride layers. 
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TABLE 2.—Resulis of X-ray examination of various electrolytic iron and steel 
specimens nitrided at different temperatures 


[E. I.=Electrolytic iron. Steel=Al-Mo nitriding steel (2.5 per cent Al; 0.85 per cent Mo; 0.25 per cent 0.)} 









































— : Nitriding 
Nitrided specimen rome sce. | > 
se __| Crystal structure cubic 
| of nitrided case, | Lattice parameter ae? structure 
Labora- | Base as determined (A, U.) contain- 
tory | mater-| Form— °C, | Hours by X rays ? ing nitro- 
No! | ial | | gen pres- 
ent « 
eee WO a A Ee SOLS Se ES | a 
} i‘ 
_ ete | E. I...| Block.__.-.. | 500 50 | H.c. p.; B. ¢. c_...| H. ¢. p.=2.72; B. c.c.= | No. 
2.86. 
| <r nota. a sieenel 500 aE eS H. ¢. p.=2.72.........-.- Yes (1), 
Res eS OS ced ei Sanne 500 75 | H. ¢. t (and B. | M. 6. p.=@2.71_........... No. 
| C. C.) 
_ > Steel__|.....do.......! 500 fe ee ee ee Nee | RCE RCE 2 eae Yes (1). 
Me Bice ae ee Eee __ eeree 500 Oe tesdiu i dekivinns amasenanta tbads dbidsidewkbatel Do. 
| Reese: I_..| Powder..-_-.. 540 fe do...._........| H. ¢. p.=2.706+0.004___. Do, 
1000. . _.__|_..do- aM | 540 rg Picadeihe do. H. ¢. p.=2.7152-0.006_...| No. 
REE, Re ee ee ae 550 2| H.c. Dp. ‘(and B. | He p.=2.70820.006_...| Do. 
| Cc. C. 
| ee Steel__| Sheet, 0.017 | 540 Le ae ee ae i Yes (3), 
inch thick. 
_ ae E. ia Sonne 600 | 25 | B.c.c.; H.c. p....| B. c. c.=2.86; H.c. p= | Yes (2). 
| 2.73 
_ | Steel -_|..._. do.......| 600 Ss or H. ¢. D.=2.71_.......---- Yes (3), 
i. pee Se Nk SRS Se 600 25 | H.c. p.; B.c. c...| H. ¢. p.=2.71; B. c. c.= | Yes (1). 
| 2.86. 
aa E L..| Powder.._-- 650 514 B.c.c.(and F.c.c. | B. c. c.=2.856 (F. c. ec. | Yes. (2). 
on) (N) =3.777). 
D. capenn — a oe 64 | F.c.c. (N); H.c. | F. c. ©, (N)=3.780+ | Yes (5). 
p. (? . 0.003. 
fee. ae BET Rey occ cekie H. ¢c. p.=2.703+0.005-__.] Yes (1).° 
Raa: |...do...| Block.....-- 700 25 | B.c.c¢.; F.c. c....| B. c. c.=2.86; F. c. c.= | Yes (2). 
| 3.60 
> a | Steel__|..... do.......| 700 25 | B. o Bea B. c. c.=2.86; F. c. c.= | Yes (1). 
esd y i. ¢. . iy 3.61. 
 )} se oo ae ee eee 700 oo do.............| B. ¢. ¢.=2.85; F. c. c.= | Yes (2). 
3.61. 
i re Sheet, 0.017 | 700 25 | H. c. p.; B. ce. i, H. c. p.=2.70; B. c. c.= | Yes (2) 
| | inch thick. 2.86. or 3). 
| . 











1 The T and B after the three specimen numbers in this column stand for the top (decarburized before 
eS and bottom (not decarburized) faces of the block specimens in question. (See text.) 

2H. c. p.=hexagonal close-packed (C =co/ao=1.619); B. c. c.=body-centered cubic (ao for pure alpha 
iron= 2805 A.);F. c. c.=face-centered cubic (aofor pure gamma iron=3.60 A). In the cases where more 
than one crystal structure is present the more pronounced one is placed first. The structure reported in 
parentheses was present only to a small extent. F.c.c. (N) is face-centered cubic structure which is as- 
sumed to contain nitrogen in its space lattice, having a lattice parameter of about 3.80 A. U 

’ With reference to the block and sheet specimens, the bands in the diffraction patterns were, as a rule, 
not sharply defined, more so for the interplanar spacings (da, x, 1), of less than about 1.2 A. U. where the 
bands were broad and ill-defined and in some cases overlapped. After the usual corrections had been 
made for any length changes in the film, the deviations of the observed values from the theoretical values 
were plotted and corrections based on mean deviations were applied to the observed values. The results 
so obtained are reported only to the second decimal place. These difficulties did not apply to the powder 
specimens, so the results for these specimens are reported to the third decimal place. 

4 The figures given in parentheses are the number of bands observed which would fit in with a iapcen. 
tered cubic structure having a lattice parameter of about 3.80 A. U. (3.789 A. U. according to Hugg) and 
could be clearly distinguished from the bands belonging to the hexagonal close- packed structure. It was 
noted that the theoretical values for several of the interplanar spacings in both the hexagonal close-packed 
and nitrogén-bearing face-centered cubic structures coincided. Since the series of hexagonal close-packed 
structure bands was more complete, the bands at the coinciding points were generally assumed to be due 
to this structure, unless the band in question appeared to be more intense than should be expected and in 
such cases the joint presence of the hexagonal close-packed and face-centered cubic bands was assumed. 
It was also noted that the band in the nitrogen- -bearing face-centered cubic structure, due to interplanar 
spacing =approximately 1.90 A. U. possessed, in general, a strong intensity while the other observed 
bands were of weak or very weak intensity. 

§ Annealed in nitrogen after nitriding. 

6 Not annealed in nitrogen after nitriding. 


In the discussion of the tentative iron-nitrogen diagram, which 
follows, the intermediate layer has been assigned the composition 
Fe,N. There is, therefore, disagreement with the results reported 
by Hagg ” who, in X-ray analyses of nitrided pure iron obtained by 
reducing pow dered iron oxide with hydrogen and nitriding the iron 








 Hagg, G., X-ray Studies on the Nitrides of Iron, Nature, 121, p. 826; 1928. 
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in the usual way, has given evidence indicating that the compound 
Fe,N is face-centered cubic. Results somewhat similar to those ob- 
tained by Higg were reported by other investigators,'® but the X-ray 
data available at present appear to be insufficient to decide the mat- 
ter definitely. It should be noted that no doubt is cast on the result 
obtained by Hagg that the compound Fe.N is hexagonal close packed, 
and it may, perhaps, be suggested, in view of the very marked increase 
in the lattice parameter of the hexagonal close-packed patterns shown 
by him between the specimens of 6.1 and 11.3 per cent nitrogen con- 
tent and likewise noted by Osawa and Iwaizumi, that the compounds 
Fe,N and Fe,N both have hexagonal close-packed patterns, the latter 
having the greater parameter. 

It seems probable that the discrepancies in interpretation of the 
X-ray data are more apparent than real. Since Fry’s diagram, 
which has probably been used as the basis for interpretation, does 
not recognize the presence of Fe,N, the inner nitride layer is presum- 
ably taken by other workers as Fe,N. If Fe,N is admitted to be 
present, the discrepancies lie in the interpretation, not in the observa- 
tions. Here again, as in the thermal analysis, interpretation is 
difficult because of the heterogeneous nature of the specimens and of 
inablility to isolate one layer at a time for study. 

Reference was made above to the presence of a face-centered cubic 
lattice, to which the innermost layer described in the microscopic 
examination and given the composition Fe,N, in the tentative iron- 
nitrogen diagram (fig. 20) was assigned. This face-centered cubic 
lattice appears to have a parameter of about 3.80 A. U., which is in 
good agreement with that reported by Hagg (3.789 A. U.). There 
was also found present in specimens 39, 170 T and 170 B a face- 
centered cubic lattice having a parameter of about 3.60 A. U. similar 
to that for pure gamma iron. It is suggested that this last face- 
centered cubic lattice may be due to rapidly cooled Braunite, which 
was present in some of the specimens and might be expected to give 
a face-centered cubic pattern analogous to that of austenite in 
quenched-high carbon steel. It mizht be mentioned that, in addition 
to the lines ascribed to the foregoing lattices, a number of lines pos- 
sessing a very weak intensity in all cases were met with in a number 
ad ne diffraction patterns. Their identity has not yet been estab- 
ished. 

VI. TENTATIVE IRON-NITROGEN DIAGRAM 


The tentative diagram which has been drawn as a result of the 
study described above is given in Figure 20. It is to be emphasized, 
that this diagram is not an “equilibrium” diagram, as the term is 
generally used. The iron-nitrogen alloys are unstable and equilibrium 
conditions can not be determined without taking account of the 
pressure of nitrogen in the system and the activity of the nitrogen; 
that is, whether it is atomic or nascent or molecular. For instance, 
the temperature of the point D in the diagram, showing the stability 
limit of the compound Fe,N, which was determined upon heating in 
ammonia gas, would undoubtedly be considerably lower in vacuum. 
It was even suspected during the work that since the arrests during the 





18 Osawa, G., and Iwaizumi, S., X-ray Investigation of Iron-Nitrogen Alloys, Sci. Repts., Tohoku 
Imperial Uniy., (Sendai, Japan), 18, p. 79; 1929; Z. Krist, 69, p. 26; 1928; Chem. Abst. 23, p. 2408; 1929, 
Brill, R., The Crystal Lattice of FeyN., Z. Krist, 68, p. 379; 1928; Chem. Abst., 23, p. 2083; 1929, . 
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thermal analyses were obtained on heating and not on cooling, most 
of the nitrogen being evolved during the run, they might be due 
entirely to decomposition and not to transformations between the 
solid constituents. Therefore a short series of tests were made. 
Seven samples of the nitrided granular electrolytic iron ranging in 
nitrogen content from 0.30 to 3.43 per cent were selected. The 
apparatus used consisted of an electric tube furnace through which 
was inserted a quartz tube, fitted to allow introduction of an alundum 
boat containing a weighed sample (2 g) and with connections to a 
vacuum pump and pressure gages. Temperature measurements 
were made by means of a portable potentiometer and 22 gage chromel- 
alumel thermocouple adjacent to the alundum boat containing the 
sample. Several blank runs were first made to determine the effect 
of heating upon the pressure variations of the evacuated system. 
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Figure 20.—Tentative iron-nitrogen diagram 


Two pressure gages were used. A McLeod gage permitted pressure 
measurements up to 0.41 mm. Hg and an open end mercury ma- 
nometer permitted readings of higher pressures. 

One weighed sample of each nitrogen content was heated in the 
evacuated system for 15 minutes at 625° C. and another at 685° C., 
which are the temperatures corresponding approximately to the end 
of the two transformation ranges found by thermal analysis. A heat- 
ing rate of approximately 7° C. per minute was maintained. Pres- 
sure readings were made at intervals of 50° C. and each 5 minutes of 
the 15 minutes at temperature. The specimens were cooled in the 
sealed system and then analyzed for residual nitrogen. Figure 21 
shows the pressure variations during heating of some of the samples. 
The first noticeable increase in pressure due to evolution of gas oc- 
curred at 200° to 250° C. and another increase in pressure at 400° to 
450° C., the magnitude of this latter increase being governed by the 
initial nitrogen content. Samples of higher nitrogen content gave the 
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ereatest increase. As the temperature was raised to 625° or 685° C., 
the pressure increased rapidly. Considerably higher pressures were 
obtained upon heating to 685° C. than by heating to 625° C. All 
samples showed a loss of weight after heating and in every case the 
samples heated to 685° C. showed a greater loss than the corresponding 
sample heated to 625° C. Chemical analysis of the samples for re- 
sidual nitrogen confirmed the weight losses. Since evolution of gas 
began well below the temperatures of the transformation ranges and 
the pressures increased continuously and not in two sudden stages, it 
seems that the heat effects at the two transformation temperatures 
can not be attributed solely to decomposition. They really represent 
phase changes. 

That the thermal arrests represented transformations between the 
solid constituents was, of course, confirmed by the microscopic 
examination. It may also be mentioned that, since the nitrided 
specimens were prepared by diffusion and not by melting, the com- 
position gradients are not smooth but occur in steps between adjacent 
nitrided layers. As called for by the principles underlying the con- 
struction of equilibrium diagrams, a duplex field marked Fe,N + Fe,N 
has been indicated in the diagram; actually there were no signs of 
such a field in the microstructure. The compounds were found to 
occur directly adjacent to each other. A similar result obtained in the 
diffusion of melted zinc into solid copper at 450° C. has been described 
by Hudson.” 

The outer, intermediate, and inner layers noted in the micro- 
structure have been designated as the compounds Fe,N, Fe,N, and 
Fe,N, respectively. (Fig. 20.) No chemical analyses of the compo- 
sitions of the individual nitride layers were made, as they could not 
be sharply separated, and stoichiometric relations such as those of 
Noyes and Smith, ® who reported Fe,.N, FesN, FesN, and Fe;N as 
possible compounds, were used as the principal guide for setting the 
compositions of the layers. This construction is a modification of 
Fry’s diagram, which showed only two layers. The intermediate layer 
described in the microscopic examination is the one which corre- 
sponds in microstructure to Fry’s Nitride I,and it should be noted Fry 
Ss this layer as Fe,N whereas in this diagram it is designated 
e,N. 

This departure from Fry’s diagram appears to be justified by the 
fact that the outermost layer was not noted by Fry and because the 
construction shown fits in with the thermal analysis data obtained 
by Sawyer and in this work. Moreover, on the grounds of Fry’s own 
observations it would appear better to designate his Nitride I (cor- 
responding with the intermediate layer described in this study) as 
Fe,N, instead of Fe.N. The layer, Nitride I, in Fry’s micrographs is 
shown to be stable at the nitriding temperature of 680° C, which he 
used, whereas his diagram indicates the compound Fe,N to be un- 
stable at comparatively low temperatures. 

Since the outermost layer, designated as Fe,N, has a 2-phase 
eutectoid-like structure it may be considered as a eutectoid between 
the compounds Fe,N and Fe.N, the eutectoid transformation probably 
occurring below 425° C., as indicated by Figure 10 (f) in which the 





, 10 Hudson, O. F., The Critical Point at 460° C. in Zinc Copper Alloys, J. Inst. Metals, 12, No. 2, p. 89; 
914. 


%” Noyes, A. A., and Smith, L. B., The Dissociation Pressure of Iron-Nitrides, J. Am. Chem. Soc., 43, 
No. 1, p, 475; 1921, 
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Figure 22.—WNitrided layers in special aluminum-molybdenum nitriding 
steels, X 100 


a, Nitrided 50 hours at 500° C. Note that the original structure of the steel can still be discerned 
in the nitrided layer. There is only one layer. No nitride needles were detected in the cores of 
any of the nitrided steels; 6, same as specimen a, but at edge decarburized before nitriding. 
Note the coarse crystal structure and the wide slip lines or twins near the surface; c, nitrided 
25 hours at 600° C. The nitrided layer is deeper than in a or 6 because of the higher temperature 
of nitriding; d, same as specimen c, but at decarburized edge. Slip lines are present in the coarse 
crystals, but they are not so numerous as in 6, nitrided at the lower temperature, 
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Figure 23.—Structure of steel specimens nitrided 25 hours at 700° C., * 100 
At 
this high nitriding temperature, however, no slip lines appeared; c, juncture of decarburized 


a, Fine grain at undecarburized edge of block; b, coarse grain at decarburized edge of block. 
’ 


and undecarburized edge. Note the intergranular darker constituent which appears at this 


nitriding temperature. 
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FicurE 24.—Slip lines in nitrided layers, < 500 


Nitrided 25 hours at 540° C. a, Note number of slip or check lines toward the interior. These 
slip lines were found to be present very close to the core; 6, this specimen contained 
no molybdenum, 
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Figure 25.—Slightly rounded twins and slip lines in coarse- 
grained nitrided layer, < 500 


Nitrided 25 hours at 540° C. at the decarburized edge of the block. 











FiGuRE 26.—Fissures and darker etching constituent in nitrided specimen 
heated to 725° C. in NH3, 500 





a, Nitrided 25 hours at 600° C., then heated one hour in NHsz at 725° C.; 6, nitrided 25 hours at 
700° ©., then heated one hour in NH, at 725° C, 
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eutectoid structure was obtained by nitriding at that temperature. 
There was, however, no indication of such a eutectoid shown by the 
thermal analysis. 

From the results of Noyes and Smith the innermost layer might 
have been designated either Fe,N or F esN, since they consider both 
are possible. However, a vertical line corresponding to the compound 
FesN of approximately 3 per cent nitrogen content meets the upper 
horizontal at the point C, in which case the lines BC, CD, and CE, 
would all meet the vertical line of the compound at the point 0. 
This does not appear at all probable and the compound Fe,N was 
chosen to designate the innermost layer. 

The reasons for modifying Fry’s and Sawyer’s diagrams by the 
peritectoid horizontal CE have already been given. For the solid 
solubility line MG Fry’s diagram has been followed, although it 
appears that the solid solubility at the eutectoid temperature, namely, 
the point G, is not very definitely established. The temperatures 
for the lower eutectoid horizontal GK, 600° C., and the upper 
peritectoid horizontal CE, 675° C., are taken as rounded figures, 
from the results of Sawyer, Fry, and those obtained in this study. 

Fry’s temperature scale has been regarded as about 10° too low #4 
and this was considered in setting the temperature of the eutectoid 
horizontal at 600° C. It will be noted that the point C at 3 per cent 
nitrogen content, at which composition the upper horizontal begins, is 
at a considerably higher nitrogen content than the composition at 
which the upper horizontal first appeared in the thermal analyses. 
As shown in Figure 5 this was at 1.25 per cent. As has already been 
stated, |however, the nitrogen content in the nitrided layers in this 
composition range appeared to be about three times the average 
nitrogen content. The location of the point C for the beginning of 
the upper horizontal is therefore in fair agreement with the thermal 
analysis results. 

Since in the present work the peritectoid transformation was com- 
pleted below 675° C. in a large majority of the cases and always 
began below 660° C., it is possible that the rounded value of 675° C. 
is a trifle high. 


VII. OBSERVATIONS ON THE STRUCTURE OF NITRIDING 
STEELS 


The aluminum-molybdenum nitriding steels mentioned in connec- 
tion with the X-ray analyses were also examined under the micro- 
scope. They contained 2.5 per cent aluminum, 0.85 per cent molyb- 
denum, and carbon 0.25, except one specimen (see fig. 24) which 
contained 0.50 per cent carbon and no molybdenum. As may be 
seen in Figure 22, the steel specimens, unlike the nitrided i iron speci- 
mens, showed only one nitrided layer, which was yellowish in color 
darkened brown by etching with picric acid. The original structure 
of the steels was not changed to any degree by the nitriding and may 
be discerned in the nitrided layer. (Fig. 22 (a)). Even in specimens 
of nitrided sheet of this material, the original worked structure still 
remained, the nitriding being evident in the microstructure only by 
the yellowish tinge of the nitrided layer. In none of the steel speci- 





1 Bramley, A., and Haywood, F, W., Determination of the Iron-Iron-Nitride Eutectoid, Carnegie 
Schol. Mem., 725 p. 76; 1928. 
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mens, including those which were heated to 725° C. was there any 
evidence of a eutectoid layer corresponding to Braunite. The steel 
specimens also differed from the nitrided iron specimens in that in 
the former no nitride needles were present in the case, which is, of 
course, important on account of the embrittling effect of the nitride 
needles. The absence of nitride needles in the nitriding steels is 
most readily explained by the fact that only one nitrided layer is 
present. As was pointed out by Fry and observed in the microscopic 
examination of the nitrided iron specimens, the familiar nitride needles 
are evidently due to the innermost layer, which is not formed in these 
special alloy steels used for commercial nitriding. 

The steel specimens were nitrided at 500°, 600°, and 700° C., 
respectively. Those nitrided at the lower temperatures appeared to 
be more brittle than those nitrided at the higher temperatures. The 
specimens were in the form of blocks, one edge of which had been 
decarburized before nitriding. In these decarburized edges of the 
specimen the grain size was comparatively large and in the specimens 
nitrided at the lower temperatures these large-grained areas showed 
profuse twinning and slip line formation, as shown in Figures 22 (6) 
and (d) and in Figure 25. In the specimens nitrided at the higher 
temperatures, however, the slip lines did not appear to any marked 
degree, as shown in Figure 23 (b) and (c). Moreover, in the fine- 
grained areas slip lines or twins were practically absent even in those 
nitrided at the lower temperatures, as shown in Figures 22 (a) and (c). 
Since the slip lines which formed in the large grained areas are evi- 
dently an indication of brittleness it is apparent that the presence of 
surface decarburization in nitriding steel should be guarded against. 
Due to the extreme hardness of the nitrided layer, particularly at the 
surface, it would be expected to be very brittle. It was observed, as 
shown in Figure 24, in specimens in which the nitrided layer was 
tapered off gradually by grinding, that large numbers of slip or check 
lines were also present very close to the core. This is especially 
apparent in the specimen shown in Figure 24 (a). 

Two of the specimens were heated to 725° C. in ammonia for one 
hour. After this treatment, as shown in Figure 26, the nitrided 
layers gave evidence of the presence of another constituent which 
was etched slightly darker than the matrix by sodium picrate. Fis- 
suring of a type probably similar to that described by Vanick, Sveshni- 
koff, and Thompson * also occurred. These authors concluded that 
fissuring was generally preceded by decarburization. 

It was observed that the fissuring of these specimens was also 
much more pronounced in the edges of the specimens which had 
become decarburized before nitriding. 

In the X-ray analyses summarized in Table 2 the steel specimens 
nitrided at 700° C. showed more than one crystal pattern, whereas 
those nitrided at the lower temperatures showed only one pattern, 
namely, the hexagonal close packed. Under the microscope also, 
as shown in Figure 23, another constituent was noticed, present as a 
grain boundary network. This result is of some interest, since nitrided 
articles have been suggested for use at comparatively high tempera- 
tures, and it would appear necessary to obtain assurance of the stability 
of the different nitriding steels at these temperatures. 
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” Vanick, J. 8., Sveshnikoff, W. W., and Thompson, J. G., Deterioration of Steel in the Synthesis of 
Ammonia, B. 8., Tech. Paper No. 361. 
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VIII. SUMMARY 


1. In a study of the iron-nitrogen system, thermal analyses, micro- 
scopic examinations, and X-ray analyses were made of nitrided 
electrolytic iron specimens. From the data obtained and, with the 
diagrams of Sawyer and Fry as a basis, a modified iron-nitrogen 
constitution diagram has been tentatively drawn. 

2. The thermal analysis data, in general, confirm those of Sawyer 
which indicated that there are two temperature horizontals on the 
high nitrogen side of the diagram, but the microscopic examination 
indicated that the upper horizontal represented a peritectoid reaction, 
and not a eutectoid transformation as Sawyer supposed. 

3. Three iron nitride layers were observed, whereas Fry in his 
pioneer work and Murakami in his recent work noted two. The 
outer, intermediate, and inner layers have been designated as Fe,N, 
Fe,N, and Fe,N, respectively. 

4. In X-ray analyses a hexagonal close-packed pattern and indica- 
tions of a face-centered cubic pattern were obtained. According to 
the microstructure of the layers it appeared probable that the face- 
centered cubic lattice was due to the inner layer Fe,N and the hex- 
agonal close-packed pattern to the intermediate layer Fe,N; this is 
not in agreement with the interpretation of X-ray data by Hage, 
Osawa, and other investigators who ascribe the face-centered cubic 
lines to Fe,N. The data available at present do not appear to be 
sufficient to definitely decide the matter. 

5. Observations on several nitrided specimens of aluminum molyb- 
denum nitriding steel were also made. Those nitrided at the usual 
nitriding temperatures contained only one layer and showed a hex- 
agonal close-packed pattern. 
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MELTING, MECHANICAL WORKING, AND SOME PHYS- 
ICAL PROPERTIES OF RHODIUM 


By Wm. H. Swanger 





ABSTRACT 


In continuation of the work on the platinum metals a method for the purifica- 
tion, and the technic for the melting and mechanical working of rhodium have 
been developed. New determinations of a number of the physical constants of 
rhodium have been made on the specially purified material. 

The melting point of rhodium has been determined as 1,985° C.+10°. The 
metal can be melted with an oxyhydrogen flame on a block of hard-burned 
lime or in vacuum by means of the high-frequency induction furnace, using fused 
thoria crucibles. 

The metal as melted is not malleable at room temperature, but can be readily 
forged at temperatures above 800° C. It has been hot swaged to wires of 1 mm 
diameter. These wires, swaged above 800° C. are not ductile, and have a coarse- 
grained, equiaxed structure. By continuing the working of the wire at grad- 
ually decreasing temperatures, a fibrous structure is imparted to the wire and it 
becomes ductile and can be drawn at room temperature. 

New determinations of physical properties of rhodium gave the following 
results: Density, 12.4—g/cm; length of side of unit cube (face centered) of the 
rhodium lattice, a,=3.77 A; electrical resistivity, 4.93 microhm-centimeters at 
20° C.; thermal emf. against platinum at 1,200° C., 18.42 mv; temperature 
coefficient of resistance, 0° to 100° C., 0.00436; average coefficient of thermal 
expansion 20° to 50° C., 9.6 107; hardness (baby Brinell 12.8 kg load, 4e-inch 
ball) 101. The reflecting power is constant across the visible spectrum, but 
drops off rapidly in the ultra-violet. 
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I, INTRODUCTION 


The work done in the past few years at the Bureau of Standards 
on methods for the purification of the platinum metals has made 
available very pure material for determining the properties of these 
metals and of their alloys. The present paper will outline the work 
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which has been done on the melting, the mechanical working, and 
the physical properties of pure rhodium. 

Although rhodium has been known since 1804, when it was dis- 
covered by Wollaston, its use has been limited almost entirely to 
the platinum-rhodium alloys for thermocouples, which contain 10 or 
13 per cent of rhodium. The lack of its application to other uses 
has been chiefly due to its scarcity. Crude platinum, its chief source 
of supply, contains only about 1 per cent of rhodium. According 
to statistics of the Bureau of Mines,’ the stock of rhodium (plus 
ruthenium and osmium) in the hands of refiners at the end of the 
year 1927 was 4,369 ounces compared to 68,000 ounces of platinum, 
and the imports of rhodium into the United States during the year 
were 1,308 ounces compared to 128,000 ounces of platinum. 

Aside from its scarcity, the difficulties in fabrication have prob- 
ably kept pure rhodium from the list of industrially useful metals. 
Mention of specimens of mechanically worked rhodium occurs in a 
few places in the literature, but no description is given as to the 
methods used, other than that the specimens were prepared only 
with great difficulty. 


II. PREPARATION OF RHODIUM SPONGE 


The pure rhodium sponge used in the present work for the prepara- 
tion of rods and wires of rhodium was prepared by the method 
described by Wichers, Gilchrist, and Swanger.” Briefly this process 
consisted of heating commercial or crude rhodium, in finely divided 
form, with sodium chloride in an atmosphere of chlorine gas, to a 
temperature of about 600° C. The partially fused mass of sodium 
rhodium chloride thus obtained was dissolved in water. This solu- 
tion was then boiled with an excess of sodium nitrite, which con- 
verted the rhodium to the soluble sodium rhodium nitrite. A small 
amount of sodium sulphide was then added to remove lead as sul- 
phide. Some of the platinum and palladium present was also pre- 
cipitated, but not much of the rhodium. After filtration, a saturated 
solution of ammonium chloride was added to precipitate ammo- 
nium rhodium nitrite (NH,); Rh(NO,),. This salt was easily decom- 
posed by hydrochloric acid, yielding a solution of rhodium chloride. 
The foregoing process was then repeated as many times as necessary 
to produce a “final product of the desired degree of purity. 

As ammonium rhodium nitrite is not a suitable salt for reduction 
to sponge by ignition, it was converted to ammonium rhodium 
chloride. This salt was ignited in air, and the somewhat oxidized 
sponge thus obtained was “reduced in hydrogen. 

Preparations of rhodium sponge made by this process have shown 
no impurities by spectrographic examination, except for traces of 
iridium in some instances. The melts described in the present 
paper were made from these preparations. 





1 Platinum and Allied Metals in 1927, Jewelers Circular, 96, No. 19, p. 55; 1 
2E. Wichers, R. Gilchrist, and Wm. H. Swanger, Purification of the sis Platinum Metals, Trans. 
A.LM.E., 76, pp. 602-630; 1928. 
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Melting and Working of Rhodium 


Ill. MELTING AND WORKING OF RHODIUM 
1. MELTING IN THE OXYHYDROGEN FLAME 


The first melts of pure rhodium were made with a “hard” (oxygen 
rich) oxyhydrogen flame, the rhodium being held on a block of 
hard-burned lime. It was found desirable to press the rhodium 
sponge into pellets in a steel mold before melting. 

As soon as the rhodium melts in the oxyhydrogen flame it begins 
to spit, small beads of metal are thrown off very rapidly, and when 
the melt freezes large excrescences form on the surface. This is 
presumably due to the evolution of gases which have been absorbed 
from the flame by the molten metal. 

By sufficiently reducing the flow of oxygen to the melting torch, 
this spitting of rhodium can be avoided to a considerable extent and 
the metal made to freeze with a fairly smooth surface. It is, of 
course, realized that a flame of this type—that is, a soft flame rich 
in hydrogen—may reduce lime at the temperature of molten rhodium, 
and introduce calcium into the melt. However, by proper manipu- 
lation of the flame, only the upper portion of the metal is melted 
at any one time, and the liquid metal can be kept out of contact 
with the lime while exposed to this soft flame. A button of rhodium 
melted in this manner can be lifted from the lime block cleanly with 
no adherence of lime to the metal. 


2. MELTING IN THE HIGH-FREQUENCY INDUCTION FURNACE 


‘The melting of rhodium sponge in the high-frequency induction 
furnace with access of air presents somewhat the same difficulties as 
does melting on lime with the oxyhydrogen flame. The sponge 
must be compressed to a density sufficient to heat readily from the 
induced current. If the pellets are heated in air to a bright red and 
then allowed to cool to room temperature, the sponge will be oxidized 
to such a degree that it can not be heated readily in the high-frequency 
furnace. By heating and cooling in hydrogen such oxidized rhodium 
sponge can be reduced to clean metal which will then heat easily in 
the induction coil. 

Molten rhodium in an open crucible in the induction furnace spits 
badly, and if the furnace current is shut off suddenly, so that the 
metal freezes rapidly, large blisters will grow out from the surface. 
By proper manipulation of the furnace current the metal can be 
frozen slowly so that a minimum of blistering occurs, and forgeable 
ingots are obtained. 

The first melts in the induction furnace were made in zirconium 
oxide crucibles similar to those used at the bureau for the melting 
of pure platinum. However, it was found that this refractory 
softened at the temperatures sometimes attained in the molten 
rhodium. Nevertheless, it broke away cleanly from the frozen metal 
and with care could be used for the melting of rhodium. One at- 
tempt to cast the molten rhodium into a graphite mold was unsuc- 
cessful, as most of the metal was ejected from the mold by the rapid 
evolution of gas on sudden freezing. 





’L. Jordan, A. A. Peterson, and L. H. Phelps, Refractories for Melting Pure Metals: Iron, Nickel, 
Platinum, Trans. Am. Electro-chem. Soc., 50, p. 162; 1926. 
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A single melt of rhodium was made in an Acheson graphite crucible 
to confirm the reported solution of carbon by molten rhodium. 
There was no spitting or sprouting of the metal on freezing. The 
button was very hard and brittle and could not be forged either hot 
or cold. The increase in weight of the metal by melting in graphite 
was 1.8 percent. The color of the metal was noticeably darker than 
that of pure rhodium. 

Thorium oxide crucibles were found the most satisfactory for 
melting pure rhodium in the procedure finally adopted; that is, 
melting in vacuum in the high-frequency induction furnace. For 
the preparation of these crucibles pure thorium oxide was fused in 
the electric arc in a stream of oxygen according to the method de- 
scribed by Fairchild and Peters.* The fused thoria was ground in a 
steel-ball mill, using steel balls, and was then treated with hydro- 
chloric acid to remove iron. The acid-washed fused oxide was 
mixed with a small amount of thorium chloride solution, and this 
mixture was pressed or tamped in suitable molds designed to form a 
crucible with a wall thickness of about 3 mm. The molded crucibles 
were dried and then fired to 1,700° to 1,800° C. in an Arsem furnace. 
Care had to be taken in this firing to avoid direct contact between 
thoria and graphite at temperatures much above 1,200° C. Thoria 
crucibles prepared in this manner are very dense and possess con- 
siderable strength. They have been used to melt platinum metal 
alloys at temperatures up to 2,200° C. 

The melting of rhodium in vacuum in the high-frequency furnace 
will be described in more detail under the discussion of the melting 
point of rhodium. It is sufficient for the present to state that melts 
in vacuum were made in thoria crucibles at a pressure of 0.5 to 
1.0 mm of mercury. Rhodium melted under these conditions froze 
with a smooth surface of a silver-white color. Ingots of the maximum 
density reported for rhodium have been obtained in this way. 


3. FORGING AND SWAGING 


The vacuum melts of rhodium weighed usually about 50 g each. 
They were made in thoria crucibles measuring about 22 mm in 
diameter at the top, 12 mm at the bottom, and 30 mm deep (all 
inside dimensions). These melts were allowed to freeze in the 
crucibles. The ingots were about 20 mm long. The shrinkage 
cavity generally extended over so large a portion of the length of 
these small ingots that satisfactory forgings could not be made 
from them. 

Several vacuum-fused ingots broke up when forging was attempted. 
The crystals of these ingots were very large—up to 5 or 6 mm across— 
and the fractures appeared to be intercrystalline. On the other hand, 
a number of ingots prepared in apparently the same way from the 
same lot of rhodium sponge and having just as large crystals were 
forgeable. It has not yet been found possible to control the forge- 
ability of the vacuum-fused metal. 

Vacuum-melted ingots remelted on lime with the oxyhydrogen 
flame, however, always proved forgeable and this procedure was 
followed in preparing rods and wire. The forging or swaging of the 
remelted rhodium ingots did not present any unusual difficulties. 





4C, O. Fairchild and M, F. Peters, U. 8. Patent No. 1545951; July 14, 1925. 
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These ingots could not be forged at room temperature, but became 
quite malleable above a red heat. 

For the production of wire the ingots were hand forged at about 
1,100° C. to bars of a shape and size (diameter of 10 mm) suitable for 
swaging. ‘The bars were heated in an oxygas or oxyhydrogen flame 
and entered the swaging dies at about 1,000° C. A rotary swager 
operating at 400 r. p. m. was used for bars from 10 to 1.8 mm in 
diameter. A smaller machine, operating at 600 r. p. m., was used 
for further swaging to 1.0 mm. Although dies were available for 
this machine to produce wire of 0.8 mm diameter, it was found that 
the machine would not pass the wire through fast enough to prevent 
its cooling below the temperature at which it was malleable. Con- 
sequently the hot swaging of rhodium wire of any considerable length 
was not carried to sizes below 1.0 mm. 

A piece of 1 mm wire about 35 feet long was prepared by hot 
swaging to be used as a winding for a resistance furnace in a study of 
certain reactions at temperatures higher than could be obtained in a 
platinum-wound furnace. This wire was wound on a grooved 
alundum tube 1.5 inches in diameter with six turns per linear inch. 
It was heated to a red heat with a gas flame as it was wound on the 
tube. The furnace has been kept at a temperature of 1,875° C. for 
four hours, although it is not intended to be used regularly at 
temperatures quite this high. 

At the present time data are not available on the rate of deterio- 
ration of rhodium wire due to volatilization when used at high tem- 
peratures. When rhodium is heated to relatively low temperatures 
in air it becomes covered with an oxide film which disappears when 
the temperature reaches about 1,200° C. If it is quenched in water 
or dilute hydrochloric acid from above this temperature it remains 
bright with a silvery white luster. 


4. DRAWING OF RHODIUM WIRE 


The rhodium wire produced by swaging at 800° C. or over was not 
ductile at room temperature. It could not be straightened out from 
a sharp bend without fracturing, nor reduced in diameter by cold- 
drawing. The fracture appeared coarsely crystalline. The end of a 
piece of such wire could be flattened on an anvil to half its thickness 
by one sharp blow with a hammer, but fractured when the same 
thing was attempted with several light blows. 

It was thought that if a fibrous structure could be imparted to the 
hot-swaged wire it might become ductile. In view of the results 
obtained in the hot-drawing of rhodium this probably could be 
accomplished during swaging by gradually lowering the temperature 
of the wire as it is passed through the successively smaller dies until 
finally it might be swaged at a temperature considerably below a 
red heat or cold-drawn at room temperature. However, there was 
not spough material available for much experimental work along 
this line. 

Recently, through the courtesy of Dr. S. L. Hoyt, of the General 
Electric Research Laboratory, a set of tungsten carbide wire drawing 
dies, covering the range 0.41 to 0.020 inch, was made available to the 
bureau. These dies can be used at a red heat. A piece of wire which 
had been hot-swaged to a diameter of 1 mm was successfully drawn 
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through this series of dies to approximately 0.5 mm (0.020 inch) in 
diameter. The dies were kept at about 600° C. by means of a gas 
burner. The wire was heated somewhat hotter (600° to 800° C.) as 
it passed through the die for the first three or four steps in reduction, 
but the temperature of the wire was gradually lowered until, for the 
last three or four dies, the wire was well below a red heat. The wire 
was lubricated by dipping it into a suspension of fine graphite in oil 
before each pass through the die. After this hot drawing operation 
the wire, now 0.020 inch in diameter, was drawn through a set of jewel 
dies at room temperature, without any annealing, to 0.0144 inch. 
The resulting wire was ductile and could be bent sharply and straight- 
ened, coiled on an 8-inch rod, and twisted tightly upon itself without 
breaking, all at room temperature. It is quite probable that drawing 
at room temperature could be continued to wire of still smaller size. 
It is thus demonstrated that rhodium which has heretofore generally 
been reported as unworkable can be made ductile. 

The microstructure of a longitudinal section of wire swaged to 
0.040 inch diameter at a temperature above 800° C. is shown in 
Figure 1. The microstructure of a longitudinal section of a piece of 
the swaged wire after it was drawn to 0.014 inch diameter, as described 
in the preceding paragraph, is shown in Figure 2. 

The change from the relatively coarse-grained equiaxed structure 
of the swaged wire to the distinctly fibrous structure of the ductile 
wire is clearly seen. 


5. MELTING POINT OF RHODIUM 


One of the most useful applications of rhodium wire appeared to 
be for windings for high-temperature furnaces or heaters. Rhodium 
has a melting point considerably higher than platinum and like plati- 
num does not readily oxidize or volatilize in air at high temperatures. 
In this connection 1t seemed advisable to redetermine the melting 
point of rhodium. The figures generally given in the literature for 
the melting point of rhodium, namely, 1,950° or 1,955° C., were 
based on determinations made on metal which was probably not of 
the highest purity. 

With the collaboration of H. T. Wensel, W. F. Roeser, and F. R. 
Caldwell, of the pyrometry section of the bureau, a number of deter- 
minations of the melting point of rhodium were made. An Ajax- 
Northrup high-frequency induction furnace was used for melting the 
rhodium. The arrangement is shown in Figure 3. The metal was 
melted in a thoria crucible, A, within a closed-end fused silica tube, 
D, which was evacuated. For heat insulation, ignited, but not fused, 
powdered thorium oxide, C, was packed about the crucible. An 
alundum extraction thimble, B, was used to hold the heat insulation 
and crucible inside the silica tube. The top of the gilica tube was 
closed with the clear fused-silica cover plate, E, whose absorption 
correction had been determined. The melting was carried out at 
pressures below 1 mm of mercury, with a liquid-air trap between the 
mechanical vacuum pump and the melting chamber. Temperature 
measurements were made with a Leeds & Northrup optical pyrometer 
sighted into a 2mm hole drilled in the ingot to a depth of 10 to 15 mm. 

The pyrometer was calibrated in the bureau’s pyrometry section, 
and in addition was checked at the gold point and at the melting point 
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Ficure 1.—Rh. wire swaged to 0.040 inch diameter at 
a temperature above 800° C. X 100. Etched with 
fused KHSO, 























Figure 2.—Rh. wire drawn from 0.040 to 0.020 
inch diameter at temperatures between 700° 
and 400° C. and from 0.020 to 0.014 inch 
diameter at room temperature. X 100. Etched 
with fused KHSO, 
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of platinum using the same high-frequency furnace set-up that was 
used for determining the melting point of rhodium. 

The temperatures corresponding to the melting points were deter- 
mined both by plotting time-temperature heating curves and by 
observing the temperature at which the hole in the ingot filled with 
liquid metal. The flat portion of the heating curve for each melt 
extended over a period of at least two minutes during which time about 
10 readings were taken. In all satisfactory experiments the last 
temperature reading 
obtained before the 
hole in the ingot filled - 
was the same as the 
temperature corre- 
sponding to the flat 
portion of the heat- 
ing curve. In some 
cases the sight hole 
had not been drilled 
deep enough into the 
ingot and the reflec- 
tion of the cold top 
portion of the evacu- 
ated tube from the 
bottom of the hole 
appeared as a dark 
spot in the center of 
the image of the hole. 
This caused an error 
in that the values ob- 
tained for the bright- 
ness in the hole were 
obviously too low. 
The ratio of thedepth 
of the sight hole to 
the diameter should 
be at least 8 to 1. 

Cooling curves 
could not be taken as eet 3 
satisfactorily as heat- = Fygurn 3.—Vacuum furnace assembly for melting 
ing curves. In all rhodium by high-frequency induction 
cases, however, it was 
possible to obtain two or three constant readings on the liquid surface 
of the melt while solid metal was spreading over the surface from the 
sides of the crucible. The correction necessary to convert the ap- 
parent temperature obtained by sighting on the freezing liquid surface 
of rhodium to true temperature was approximated by comparing the 
brightness in the hole and on the solid surface of several rhodium 
ingots just below the melting point. The difference in brightness 
thus obtained was used for correcting the apparent temperature of the 
liquid surface at the freezing point. This correction is somewhat too 
large, since the emissivity of liquid rhodium has been found to be 
slightly higher than that of solid rhodium, and, consequently, the 
values obtained for the freezing point are presumably somewhat higher 
than the true value. 
77886°—29——14 
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On two separate ingots, with the best black body conditions in the 
sight holes, the values for the melting point were 1,986° and 1,987°C., 
respectively. The values for the fr reezing points from the same two 
experiments were 2,006° and 2,002° C., respectively. 

Another series of observations was made ® on a third ingot, using 
a precision optical pyrometer*® to make the temperature measure- 
ments. An arrangement of furnace, evacuated tube, and crucible 
similar to that described above was used, except that a “black body” 
was obtained somewhat differently. Instead of drilling a hole in the 
ingot and sighting on the bottom of that, a cover (of thorium oxide) 
was cemented on the crucible. ‘To the bottom of this cover was fixed 
a thin-walled thorium oxide tube, about 2 mm inside diameter, and 
closed at the lowerend. The tube projected down through the center 
of the ingot to the bottom of the crucible. Temperature readings 
were made by sighting through a hole in the cover into the reentrant 
tube into which enough loose thorium oxide that had been poured to fill 
it about one-third of the way from the bottom. This gave a “black 
body” into which to sight which was about two-thirds of the distance 
from the top of the ingot to the bottom. Itis considered that the tem- 
perature measured inside the tube is that of the metal. The metal can 
thus be melted and frozen a number of times without disturbing the 
crucible or contents, as long as the sight tube remains intact. On 
plotting the time- -temperature curves for determinations made with 
this type of crucible there was a flat region on each curve extending 
over a period of about five minutes. “Observations were made on 
three melts and five freezes. The temperatures corresponding to the 
flat portions of the curves were as follows: 











Average... 1, 984 | 1, 984 











These values show the precision to which the brightness at the 
melting and freezing points of rhodium can be determined, but does 
not necessarily mean that the conversion of these measures of bright- 
ness to degrees centigrade was as accurate as the agreement between 
the separate determinations. Up to the present time accurate check- 
ing of the factors entering into this conversion has not been made. 
The temperatures given above are certainly accurate to within + 10°. 
The pyrometry section of the bureau, within whose province the 
accurate determinations of melting points come, is planning to make 
a more precise determination of the melting point of rhodium in the 
near future, and the uncertainty of the temperature conversion wil 
then be much less than 10° C. 

From the results of the two methods described, the melting point of 
rhodium is given tentatively as 1,985° C. + 10°. 








5 Observations by H. T. Wensel, W. jo Rome, and F, R. Caldwell. 
6 C. O. Fairchild, W. H. Hoover, a, "M. Peters, A New Determination of the Melting Point of 
Palladium, B, 8, Jour. Research, 2 (RP65); oy 1929, 
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Most of the tables of physical constants of the elements give the 
melting point of rhodium as 1,950° or 1,955° C. Mendenhall and 
Ingersoll’ determined the melting point of rhodium based on the 
melting points of gold as 1,065° C. and of platinum as either 1,745° 
or 1,789° C. Their value was 1,907° C. (Pt=1,745° C.) or 1 968° C. 
(Pt=1,789° C.). Von Wartenberg 8 reported his own determinations 
of the melting point of rhodium as 1,940° C. based on C,=1.460 cm 
degrees and recalculated a previous ’ determination by Holborn and 
Henning to 1,946° C. These two values become approximately 
1,970° and 1, 975° C., respectively, on the International Temperature 
Scale, which is based on the value 1.432 cm degrees for (;.° 


IV. OTHER PHYSICAL PROPERTIES OF RHODIUM 

































In the course of the experiments on the melting and working of 
rhodium, as suitable specimens became available for the determina- 
tion of phy sical constants they were submitted to the laboratories of 

the bureau most directly concerned with the particular measure- 
ments required. 

New determinations of the following physical constants were made 
by the members of the bureau staff named below: Density by Miss 
E. E. Hill, X-ray lattice constant by E. C. Groesbeck, electrical 
resistivity by A. R. Lindberg, thermal electromotive force and 
temperature coefficient of resistance by F. R. Caldwell, thermal ex- 
pansion by W. T. Sweeney, and reflecting power by W. W. Coblentz 
and R. Stair. Grateful acknowledgment is made for this assistance 
in obtaining new data on the properties of rhodium. A number of 
hardness determinations made by the author are also included. 

A short description of the above determinations follows: 


1. DENSITY 


Previous determinations of the density of rhodium reported in the 
literature range from 11.0, the value given by Wollaston in 1804, to 
12.6 (g/em*). Holburn, Austin, and Henning’ found a value of 
12.44 for rhodium foil prepared by Heraeus. The most recent 
determinations are by Rose." He found 12.22 for the density of an 
ingot which was forged from sponge but not melted. The density 
of another ingot, melted and forged, was 12.47. In reviewing pre- 
vious determinations Rose calculated that the value 12.6 given by 
Mylius and Dietz *? would become 12.51 when corrected for the 
impurities, chiefly iridium, which the rhodium contained. He 
further states that the density of pure rhodium, melted and forged, 
might be provisionally taken as 12.5 

In the present work the density of three rhodium ingots after 
melting in vacuum was 12.42, 12.41, and 12.41 g/cm’, res j tgs 
The three ingots were then melted together on a block of lime with 





a5 7C, E. Mendenhall and L. R. Ingersoll, The Melting Points of Rhodium and Iridium, Phys. Rev., 
a, DP. 1-16; 1907. 
*'H. von W artenberg, Uber optische Temperaturmessung blanker Kérper, Verhandl. deut. physik. Ges., 
12, pp. 121-127; 1910. 
9.” is the constant in Wien’s radiation law which, together with the value of 1,063° C. for the melting 
point of gold, defines the high temperature scale. 
1° L,. Holborn, F. Henning, L. Austin, Die Zerstiubung —_ Recristallisation Elektrisch Gegliihter 
Platinmetalle, Wiss. ab. Phys. Tech. Reichsanstalt, 4, p. 87; 
11 Sir Thomas Kirke Rose, On the Density of Rhodium, Jr. inst. “Metals, 33, No. 1, pp. 109-110; 1925. 
4 F, Mylius and R. Dietz, Reine Platin-Metalle im Handel, Ber., 31, p. 3189, 1899, 
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an oxyhydrogen flame. The button was hot forged and then hot 
swaged to a rod 7 inches long by 0.265 inch in diameter. The den- 
sity of this rod was 12.40 g/em*. The rod was subsequently hot 
swaged to 0.040-inch wire. The density of the wire was also 
12.40 g/cm °. 

2. X-RAY DIFFRACTION DATA 


The crystal lattice of rhodium is face centered cubic. Hull ® 
determined the length of the side of the unit cube, a, to be 3.82 
Angstroms. Barth and Lunde “have more recently given a,=3.794A. 
If a, is taken as 3.82 the calculated density of rhodium is 12.16 
which is quite certainly lower than the true density. The calculated 
density becomes 12.43 if a,=3.794, a value nearer to the observed 
density. 

Two determinations of the length of the side of the unit cube 
made on the rhodium sponge used in the present work gave: 


First determination —a,=3. 773+0. 0025 A 
Second determination—a,=3. 774+0. 002 A 


The density calculated from these values is 12.6, which is somewhat 
higher than the observed density. However, it is generally agreed 
that the density calculated from the value for the lattice constant is 
always higher than the density obtained by direct determination. 


3. ELECTRICAL RESISTIVITY 


The resistivity of pure rhodium as determined on wire hot swaged 
to a diameter of 1 mm and annealed at a temperature well over 
1,200° C. was 4.93 microhm-centimeters at 20° C. 

The value given in the International Critical Tables is 5.1 at 20° C. 
In Carter’s ® tabulation of the physical properties of rhodium the 
resistivity at 0° C. is given as 5.11. 


4. THERMAL ELECTROMOTIVE FORCE AGAINST PLATINUM 


The thermal electromotive force of rhodium against the bureau’s 
purest platinum (Pt. standard No. 27) was determined for tempera- 
tures of the hot junction from 0° C. to 1,100° C. with the cold junc- 
tion at 0° C. The results are given in Table 1. 


TasLe 1.—Thermal electromotive force of rhodium against platinum 





| | 
Temperature imf. itenesnane| Emf. || Temperature 





1] 
| 


| 
! °C, | 
500 























¢ Extrapolated. 


13 A, W. Hull, X-Ray Crystal Analysis of Thirteen Common Metals, Phys. Rev., 17, pp. 571-588; 1921. 

“4 T, Barth and G. Lunde, Der Einfluss der Lanthanidenkontraction usw, Zeit Phys. Chem., 117, pp. 
478-490; 1925. 

18 F, E, Carter, The Platinum Metals and Their Alloys, A. I. M. E., Proc. Inst. Metals Div. p. 759; 1928 
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Swanger] Melting and Working of Rhodium 


not 5. TEMPERATURE COEFFICIENT OF ELECTRICAL RESISTANCE 
en- ; ; ne ; ‘ 
hot At the time this determination was made wire less than 1 mm in 
Iso diameter was not available. The resistance of this wire was too low 


to make a measurement of the change of resistance with change of 
temperature with reasonable accuracy. To pare a suitable speci- 
men, about 1 m of the wire was clamped between electrical leads 


133 and a current passed through the wire to heat it to dull redness. 
‘32 [ ‘The hot wire was passed back and forth between the rolls of a small 
1A. | _ hand rolling mill until a ribbon 0.007 inch thick was obtained. This 
16 [| ribbon was fairly ductile. The resistance was measured at 0° and at 
tod fe 100° C. The average temperature coefficient of resistance between 
ed (— these temperatures was 0.00436. Holborn’® reported a value of 


F 0.00443. Additional determinations of this important physical con- 
ibe ff stant will be made. 


6. THERMAL EXPANSION 
The linear coefficient of thermal expansion of rhodium was deter- 


mined by the interferometric method. The values given in Table 2 
are considered accurate to within 1 per cent. 




















lat «o£ 
ed q TABLE 2. Thermal expansion of rhodium 
is 
a Average coeffi- 
a Temperature | cient of expan- 
BY, range sion per degree 
KS centigrade 
ed °C, x10-4 
yer 20 to 50 8.1 
20 to 100 8.3 
20 to 200 8.5 
C 20 to 300 8.9 
: 20 to 400 9.3 
‘he 20 to 500 9.6 
| The International Critical Tables give the coefficient of thermal 
| expansion as 8.4107 at 20° C. Carter, in his tabulation of the 
1’s ff physical properties of the platinum metals, gives 8.4 X 107° at 20° C. 
ra~ ff and 8.5X10-° at 40° C. 
c- 


# 7. REFLECTING POWER 


A determination was made of the reflecting power of rhodium in 
the visible and in the ultra-violet spectrum to wave length 250 mu. 
The surface of the ingot that was used did not have a good polish 
and diffused considerable radiation. Instead of having a reflecting 
power of 78 per cent in the visible spectrum as previously determined 
by Coblentz ” it was only about 45 per cent. However, the reflect- 
ing power was fairly constant across the visible spectrum, but dropped 
off rapidly in the ultra-violet until at 250 my it was about tw6-thirds 
of the value in the visible spectrum. 


Soca RL SY 








4 ‘6 L. Holborn, Uber die Abhangigkeit des Widerstandes reiner Metalle von der Temperatur, Ann. d. 
21. 3 Physik. (4), 5G, p. 145; 1919. 
pp. 1” W, W. Coblentz, The Reflecting Power of Various Metals, B. S. Sci. Paper No. 152. 
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8. HARDNESS 


Hardness determinations were made on several specimens of the 
melted and forged rhodium. The shape of the specimens as melted 
made it impracticable to make hardness determinations without 
forging, although a Brinell number was obtained on the ingot as 
melted. The hot-forged specimens were annealed at a temperature 
well over 1,200° C. The following values were obtained: 


TABLE 3.—Hardness of rhodium 





Specimen| Specimen! Specimen 

A melted,| B melted | C melted 
but not | and and 
forged forged forged 





Baby Brinell 12.8 kg, %s-inch bal) 101 
Rockwell “E” 100 kg, 44-inch ball 90 
eee estaba Fe an ee iets ceceaandanpuinuaion 12 
Vickers hardness tester, 136° diamond pyramid 10 kg 121 
Herbert pendulum (time hardness) -_-_--..........--..----- hs Pa Ge 16.4 














Carter * has given the baby Brinell hardness of cast rhodium as 
139. 

The hardness values obtained in the present work correspond quite 
closely with those of hard-rolled copper. Despite this apparent soft- 
ness, rhodium does not machine readily. Great difficulty was expe- 
rienced in drilling the sight holes in the specimens used for melting- 
point determinations. An ordinary twist drill made hardly any im- 
pression. Flat drills made of carbon-steel drill rod quenched from a 
bright red heat in ordinary zinc chloride soldering flux seemed to 
give the best results. 
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18 See footnote 15, p. 1038. 
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OPTICAL ROTATION AND RING STRUCTURE IN THE 
SUGAR GROUP 


THE OPTICAL ROTATION OF THE VARIOUS ASYMMETRIC 
CARBON ATOMS IN THE HEXOSE AND PENTOSE SUGARS 


By H. S. Isbell 


ABSTRACT 


The specific rotations of a-d-gulose (+ 61.6), a-methyl d-guloside (+106) and 
6-methyl d-guloside (—83), which are reported for the first time, complete the 
data necessary for the calculation of the optical rotatory power of each of the 
various asymmetric carbon atoms in the hexose sugars. The values for the 
optical rotatory power of the various asymmetric carbon atoms in both the 
hexose and pentose series are calculated first, from the optical rotations of the 
methyl glycosides, and, secondly, from the optical rotations of the sugars. The 
values from the glycosides are slightly higher, but of the same order as the values 
obtained from the sugars indicating that the normal forms of d-glucose, d-galac- 
tose, a-d-mannose and a-d-gulose have the same ring structure as the correspond- 
ing glycosides (1, 5). The slightly larger values for the glycosides indicates 
that the replacement of the hydroxyl group in the sugars by a methoxy group 
alters the rotation of all the asymmetric carbon atoms. The utilization of the 
values given is illustrated by the explanation of certain deviations from Hudson’s 
second rule of isorotation and the prediction of the optical rotations of the at 
present unknown hexose sugars and methyl glycosides. 
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I. INTRODUCTION 


In 1875 van’t Hoff! formulated the rule of optical superposition 
and illustrated it quite plainly in its application to the carbohydrate 
field. This rule states the optical rotation of the molecule is the 
algebraic sum of the constituent asymmetric carbon atoms, the 





1 La Chimie dans L’Espace, van’t Hoff, Rotterdam; 1875. 
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rotations of the individual atoms changing from +a to —a when 
the atomic configuration is replaced by its mirror image. Van’t 
Hoff illustrated this rule quite plainly in its application to ‘the carbo- 
hydrate field as will be discussed below. However, at that time the 
experimental data were lacking to establish its validity in the sugar 
group. In 1909 the development of experimental carbohydrate 
chemistry was sufficient for Hudson? to apply the superposition rule 
by his method of considering only the rotations of the first asym- 
metric carbon and the rest of the molecule and to determine the 
optical rotation of the first carbon atom and the rotation of the rest 
of the molecule. He compared all kinds of derivatives by his method 
and by this way of comparison showed that the principle of optical 
superposition holds approximately. In order to make comparisons 
between substances whose structure differs considerably he made a 
number of rules (‘‘isorotation”) or approximations. The correla- 
tion of rotation in the sugar group by him and others showed that 
there exist many deviations * fr rom his rules, which indicate that the 
influence of a given group on the rotatory power of the various asym- 
metric carbon atoms is manifested throughout the sugar molecule. 
A test of the theory of optical superposition was anticipated by 
van’t Hoff* in 1894, who states that when there are several asym- 
metric carbon atoms their action is to be added or subtracted. 
“Thus for the four pentose types COH (CHOH);, we should have 


the following rotations: 





No. 1 No.2 | No.3 | No.4 


+a | +A | ae a 
an 1 4B | -B') 43 
+C —C | +C | +C 











and since the sum of No. 2, No. 3, and No. 4 is equal to A+B+C, 
the rotation of arabinose (probably the highest) should be equal to 
the rotations of xylose, ribose, and the expected fourth type taken 
together.” ® 

Van’t Hoff’s idea may be put in the form of four simultaneous equa- 
tions which contain only three variables, and if the experimental 
values of A, B, and C, determined from any three of the equations 
check the fourth equation, his theory as applied i in the given case is 
definitely proved. If one had a similar series of compounds, which 
checked, it would be strong evidence that all the compounds in the 
series had similar structures. The realization of the experimental 
proof of this reasoning has not been possible because of the lack of 
knowledge and sufficient experimental data. The problem is far more 
complicated than van’t Hoff could anticipate at that early date. 
However, in the light of modern knowledge upon the ring structure 
of the sugars it should now be possible to reach the desired goal if the 
necessary data were available. 





? Hudson, J. Am. Chem. Soc., 31, p. 69; 1909. 

8 Béeseken, The Configuration of the Saccharides, A. W. Sijthoff’s, Leyden. 

4 Van’t Hoff, The Arrangement of Atoms in Space (translated by Eiloart), Longmans, Green & Co., p. 
160; 1898. 

5 Discovered since, and called lyxose. 
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The author is attempting to prepare those compounds necessary for 
the calculation and checking of the optical rotatory power of all the 
different asymmetric carbon atoms in the hexose sugars and methyl 
glycosides. The investigation, which is still in progress, has been 
successful, in that the optical rotations of a-d-gulose and a- and 
b-methyl d-gulosides have been determined. These values complete 
the data necessary for the computation of the optical rotation of each 
of the several asymmetric carbon atoms in the hexose sugars and in 
the methyl glycosides. The values obtained for the rotatory power of 
the different asymmetric carbon atoms are of particular interest 
because they are the primary values from which the optical rotation 
of all the normal aldohexose sugars and methyl glycosides may be 
calculated. The numerical values for the at present unknown normal 
forms of d-idose, d-talose, d-allose, and d-a' se and the correspond- 
ing methyl glycosides are predicted. Ar empt:is being made to 
prepare and measure the optical rotati one or more forms of 
d-idose. If the optical rotations which . , be found in the future 
check the predicted values, it will be strong evidence that all the 
sugars involved in the calculations have similar ring structures. 


1. DETERMINATION OF RING STRUCTURE BY THE AGREEMENT 
WITH OR DEVIATION FROM THE THEORY OF OPTICAL SUPER- 
POSITION 


At the time when van’t Hoff first presented the theory of optical 
superposition the reducing sugars were considered to be true alde- 
hydes. Subsequently it has been found that the sugars and glycosides 
exist in two isomeric forms (a and 8) which contain an additional 
asymmetric carbon atom. In 1883 Tollens ® had suggested a ring 
structure for the reducing sugars, but discovery of the two methyl 
glycosides by Emil Fischer’ in 1893 marks the beginning of the 
modern concept of the structure of the sugars. The optical rotation 
of the pseudo-aldehydic carbon atom was determined in 1909 by 
C. S. Hudson, who by a series ® of brilliant researches has developed 
the theory of optical superposition into the most useful tool at the 
disposal of sugar chemists. Hudson® has considered the rotation of 
the pseudo-aldehydic carbon as +a in the alpha (dextro) sugars, 
—a in the beta sugars, and the rotation of the rest of the molecules 
as 6. The rotation of the a-d-form is equal to 6+a and the rotation 
of the 6-d-form is equal to b—a. He has shown from the available 
data, first, that the difference between the molecular rotations of the 
a and @ forms of all the aldehyde sugars and their derivatives (2a) is 
a nearly constant quantity, and, secondly, that the a and 8 forms of 
those derivatives of any aldose sugar in which only the first carbon is 
affected have molecular rotations whose sum is approximately equal 
to the sum (26) of the molecular rotations of the a and 6 forms of 
the sugar. Certain exceptions were found to the above rules, par- 
ticularly in the mannose, rhamnose, and lyxose series, which led to 





6 Tollens, Ber., 16, p. 921; 1883. 
? Fischer, Ber., 26, p. 2400; 1893. 
8 Hudson, Relations Between Rotatory Power and Structure in the Sugar Group, B. 8. Sci. Paper No. 533. 
* See footnote 2, p, 1042, 
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the hypothesis ” “that among the known derivatives of mannose and 
rhamnose there occur substances of various ring types (which ac- 
counts for the observed exceptional comparative rotations) and that 
substances belonging to the same ring type show normal comparative 
rotations (which accounts for the normal values).’’ The hypothesis 
and allocation of the various substances to the different series which 
he postulated was vigorously attacked by Haworth and Hirst." They 
regard a- and B-mannose as being not necessarily dissimilar in ring 
structure and believe that the divergence in optical rotation may be 
caused by the special arrangement of hydroxyl groups in mannose 
and the related sugars rhamnose and lyxose. In their studies they 
found a new form of lyxose whose rotation (— 70) is also exceptional. 
However, Hudson’s hypothesis has recently received additional sup- 
port in the preparation by Dale ” of a calcium chloride double com- 
pound of a new form of a-d-mannose whose rotation agrees with the 
rotation calculated by Hudson for a certain ring form of 6-d-mannose. 

A comparison of the optical rotations of the sugars and glycosides 
only indicates that a given series of compounds have or have not a 
common ring form. The ring structure of said series is assumed to be 
the same as the ring structure of any substance in the series whose 
ring structure is established by other methods. The ring structures 
of these key substances are derived from the results obtained by 
methylation studies. 


2. DETERMINATION OF RING STRUCTURE OF THE GLYCOSIDES 
FROM METHYLATION STUDIES 


In 1903 Purdie and Irvine ® showed that the hydroxyl groups in 
methyl glucoside could be replaced by methoxyl groups by means of 
methyl iodide and silver oxide. Since all the hydroxyl groups in the 
resulting pentamethyl glucose are blocked the ring structure is as- 
sumed to be fixed. The normal isomeric « and B pentamethyl glu- 
coses, when hydrolyzed by acids, are converted into tetramethyl 
elucoses. Both of the’ tetramethyl] glucoses exhibit mutarotation 
and give the same final rotatory power which shows that a and 8 
tetramethy! glucose have the same ring structure. Recently Wolfrom 
and Lewis * have shown that tetramethyl glucose may be trans- 
formed by dilute alkalies directly to tetramethyl mannose, which 
shows that tetramethyl mannose and tetramethyl glucose have simi- 
lar ring structures. Direct evidence on the location of the ring may 
be obtained by the oxidation of the methylated sugars to the corre- 
sponding sugar acids. Charlton, Haworth and Peat found that 
those lactones prepared from the normal forms of glucose, galactose, 
mannose, arabinose, and xylose, by first methylating the aldoses and 
then submitting them to oxidation with bromine water, exhibited a 
rapid change in rotation when dissolved in water. This rapid 
change indicates that 1,5 lactones were formed. This conclusion 





10 Hudson, J. Am. Chem. Soc., 48, p. 1434, 1926. 

11 Haworth and Hirst, J. Chem. Soc., p. 1221; 1928. 

12 J, K. Dale, B. S. Jour, Researc h, 3, p. 459; 1929; J. Am. Chem. Soc., 51, p. 2788; 1929. 
13 Purdie and Irvine, J. Chem. Soc ”» 88, D. 1021; 1903; 85, p. 1049, 1904, 

14 Wolfrom and Lewis, J. Am. Chem. Soc., 50, p. 837; 1928. 

16 Charlton, Haworth and Pe at, J. Chem. Boe., a 89; nouns 1926, 

8 Levene and Simms, J. Biol. Chem., 65, p. 31; 
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has been confirmed by the degradation of the various methylated 
sugar acids by nitric acid oxidation to the expected products. Thus 
tetramethyl gluconic acid prepared from the normal tetramethyl 
glucose on nitric acid oxidation gave a 70 per cent yield of xylotri- 
methoxyglutaric acid,” which indicates that the methylated sugar 
has a 1,5 ring structure. 

The formation of the third methyl glucoside (the distillable so- 
called y-form of Fischer *) and other similar compounds indicates 
that in a sugar solution an equilibrium may exist between a number 
of different ring forms. As pointed out by Phelps and Purves the 
ring structure of a methylated sugar which might be prepared from 
such a solution would not determine the ring structure of the original 
sugar. When substitution is on the pseudo-aldehydic carbon atom 
as in the glycosides, the oxygen ring is more stable and probably it 
does not migrate upon further methylation. Hence, it may be 
assumed that the correct ring structure of glycosides is obtained from 
methylation studies, but that the ring structures of the sugars are 
not established by methylation. 

It has been shown by methylation studies that a- and 8-methyl 
glucosides,” a- and $-methyl galactosides,”" a-methyl mannoside,” 
a- and f-methyl arabinosides,“ a- and $-methyl xylosides,* and 
a-methyl lyxoside * have a 1, 5-ring structure. The only glycosides 
whose rotations were used and which have not been shown by methyl- 
ation studies to have a 1, 5-ring structure are the author’s newly 
prepared a- and B-methyl gulosides.* In this article it has been 
assumed that their ring structure is the same as the ring structure 
of the other crystalline glycosides. 

The ring structures of the sugars were allocated by means of the 
concept that there occur different ring forms in the sugar group 
which may be detected by the wide deviation from Hudson’s rules 
of isorotation. The rotation of each sugar was compared with the 
rotation of the corresponding glycoside by means of the following 
equations: 

[M]p (glycoside) = B’ + 18,500. 


[Mp (sugar) = B + 8,500. 


If the values of B and B’ agree approximately it is assumed that 
the two substances have similar ring structures. The only excep- 
tions as previously found by Hudson were in the mannose and 
lyxose series. A comparison of the numerical values shows that 
B (—38,100) from a-d-mannose (+30) agrees with the value of 
B’ (—3,170) from a-methyl d-mannoside (+79) and hence it is assumed 





17 Haworth, Hirst and Miller, J. Chem. Soc., p. 2436; 1927. 

18 Fischer, Ber., 47, p. 1980; 1914. 

19 Phelps and Purves, B. 8. Jour. Research, 3, p. 247; 1929; J. Am. Chem. Soc., 51, p. 2443; 1929. 

*® Haworth, Hirst, and Miller, J. Chem. Soc., p. 2436; 1927. 
‘ haar: Ruell, and Westgarth, J. Chem. Soc., 125, p. 2468; 1924; Pryde, J. Chem. Soc., 123, p. 1808; 
923. 

2 Goodyear and Haworth, J. Chem. Soc., p. 3136; 1927. 

*3 Haworth, Hirst, and Learner, J. Chem. Soc., p. 2432; 1927. —~ 

%* Hirst and Purves, J. Chem. Soc., 128, p. 1352; 1923; Phelps and Purves, J. Am.’Chem. Soc., 51, p. 2443; 
1929; also B. 8. Jour. Research, 3, p. 247; 1929. 

*% Hirst and Smith, J. Chem. Soc., p. 3147; 1928. ‘ 

It is planned to methylate the two methyl gulosides and determine their probable ring structure. 
The eo are published at this time because it will be some time before the methylation studies 
are completed, 
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that they belong to the same series. The value of B (+5,440) from 
6-d-mannose (—17) does not check the value from the methyl glyco- 
side (—3,170) which indicates that it has a different ring structure 
and it is therefore excluded from the calculations. The value of 
B (—2,000) from £-d-lyxose (—70) does not check the value of 
B’ (—8,760) from a-methyl d-lyxoside and so it is also excluded from 
the calculations. The values of B and B’ as well as the data used in 
the calculations are given in Table 1. 


TABLE 1.—Optical rotation of the aldose sugars and glycosides 








20 Ring 
[a]20 [M)'p D from Ring 
in H:0 =e iS assigned 





a-d-glucose ! +113 +20, 340 
B-d-glucose ! | +19 +3, 420 
a-methyl d-glucoside ? : +157. 9 
8-methy] d-glucoside 2 —32.5 
a-d-mannose 3 +30 


8-d-mannose 3 —17 
§-d-mannose (Dale’s) 4 

a-methyl d-mannoside 5 
a-d-galactose ! . 25, 920 
8-d-galactose ! 2 +9, 360 


a-methy] d-galactoside ? - ; +37, 380 
8-methy] d-galactoside 2 i —80 
+11, 100 


a-methyl] d-guloside 6 . ; +20, 600 
&-methy] d-guloside * . —16, 100 


8-d-arabinose ! : 7 — 26, 250 
B-l-arabinose 7 7 +26, 250 
a-methy] /-arabinoside 5 +2, 840 
B- methy]) /-arabinoside ! ‘ 5. +40, 260 
a-d-Xylose ! +13, 800 


a-methy! d-xyloside ! +25, 240 
PamatnGl 6-27 1emNs 8... nn bows cacee —10, 740 
a-d-lyxose ! 5. +825 
B-d-lyxose * —10, 500 
a-methyl d-lyxoside ® +9, 740 























1B. 8. Sci. Paper No. 533. 

2 Bourquelot, Ann. Chim., 7, p. 218; 1917. 

3’ Levene and Meyer, J. Biol. Chem., 57, p. 329; 1923; 59, p. 129; 1924. 

4 Dale, J. Anier. Chem. Soc., 51, p. 2788; 1929. 

‘ Van Ekenstein, Rec. trav. chim., 15, p. 223; 1896. 

6 These values were taken from the author’s work which will be subsequently published. The rotation 
of a-d-gulose was determined from a new calcium chloride double compound of a-d-gulose; the methyl 
gulosides were fractionally crystallized to constant melting point from ethyl alcohol. The rotations may 
be subject to slight revision but are probably correct to +2°. 

7 Hudson and Yanovsky, J. Amer. Chem. Soc., 39, p. 1035; 1917. 

8 Haworth and Hirst, J. Chem. Soc., p. 1221; 1928. 

® Phelps and Hudson, J. Amer. Chem. Soc., 48, p. 503; 1926. 


II. CALCULATION OF THE NUMERICAL VALUE FOR THE 
OPTICAL ROTARY POWER OF THE VARIOUS ASYMME- 
TRIC CARBON ATOMS 


1. METHOD OF CALCULATION 


If we assume the 1, 5 ring structure for the sugars, they are repre- 
sented by the formulas I, II, III, IV, V, VI, and VII. Since the 
a and 6 forms differ only in the stereoisomeric arrangement of the 
pseudo-aldehydic carbon atom only one form is given. The methyl 
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glycosides differ from the sugars only in that the hydroxyl on the 


first carbon is replaced by a methoxy group. 























6 5 4 3 2 1 6 Rs Re Rs Rs Aon 
H H OH H H H OH OH H H 
HOO. o «°° 8 3: CO mone. c.c. GCG, ex 6 
| OH H OH | OH | H H OH | OH 
0 -O 
ad-glucose I. ad-galactose II. 
H H OH OH H H OH H H H 
H:0HC . C Gwe. 5,0 MeO. «4:04. BG « C4. 4 a6 
| OH H H | OH | H OH OH | OH 
0 O 
ad-mannose III. ad-gulose IV. 
H H OH H H H OH OH H H 
Go Se Ss Oe es G Se .& oS. Se... @&.2 2 
| OH H OH | OH | H H OH | OH 
Oo ) 
ad-xylose V. 8-methy] /-arabinose VI. 
H H OH OH H 
Bs Sc. Se. « eee 
| OH H H | OH 
oO 





ad-lyxose VII. 


Considering the rotation of the first carbon atom do,’ in the 
sugars or dy, in the glycosides and the rotations of the other carbon 
atoms in order R2, R;, Ry, Rs, the molecular rotations of the sugars 
and glycosides are given by equations which follow. The rotations 
of the various carbon atoms in the hexose series are designated with 
the capital letter R, and in the pentose series they are designated 
with the small letter 7; the rotations for the various carbon atoms 
in the glycosides are marked with an accent to distinguish them 
from the values derived from the sugars. The terms in the equations 
are considered to be positive when the hydroxyl group in the sugar 
lies below and negative when it lies above, as shown in Formulas (1) 
to (VI), inclusive. 

HEXOSE SUGARS 


(1) a-d-glucose = + ao7+ R2—R3+ Ry + Rs= + 20,300. 
(2) B-d-glucose= —do”+ R2—R3+ Ri t+ R= +3,420. 


a-d-mannose= + doy— R2—R3+ Rut Rs= + 5,400. 
f-d-mannose= — doy — Ro— R3+ Ry + Rs=(— 11,700). 
a-d-galactose= + don+ R2—R3— Ry t+ Rs= + 25,900. 
B-d-galactose =-—GoH -b Rz pee R; os R, “+ y= =} 9,360. 
a-d-gulose = +dou+ Ro+ R3— Ry+ R= + Li, 100. 


HEXOSE GLYCOSIDES 


8) a-methyl d-glucoside= +ay.+ R’2—R'3+ R'4+R’s= + 30,630. 
(9) 6-methyl d-glucoside= —ay.+ R’2—R’3+ R44 R’s= —6,300. 

(10) a-methyl d-mannoside= +ay.— R’2—R’3+- R44 R’s= + 15,330. 
(11) a-methyl d-galactoside= +ay.+ R’2—R’3;— R'44+- R’s= + 37,380. 
(12) B-methyl d-galactoside= —ay.+ R’2—R’;— R'4+ R’5= — 80. 

(13) a-methyl d-guloside= +ay.+ R’2+ R’3;— R'4+ R’s= + 20,600. 
(14) #-methyl d-guloside= —ay.+ R’2+ R’3— R’'4+ R’s= — 16,100. 





”” The rotations of the first carbon atom in the sugars aog=-+-8,500) and in the glycosides (ame=+18,500) 
were calculated by Hudson in 1999, see footnote 2. _A value for the rotation of the second carbon atom, 
“the epimeric difference in rotation” was also calculated by Hudson, see footnote 10, but his value (2r2= 
+6,700) differs considerably from the value 2R2=+15,300 as given in this paper; the difference is due toa 
different allocation of ring structures. The rotation of the fourth carbon atom in the pentose glycosides as 
given by equation (47) was also resorted to in the same article, 
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PENTOSE SUGARS 


(15) a-d-xylose= +doy+1re—1r3+14= + 13,800. 
(16) 8-d-arabinose= — agy—12+173+174= — 26,250. 
(17) 8-l-arabinose= + aoq+1r2—1r3—1r4= + 26,250. 
(18) a-d-lyxose= + doy—12—17r3+174= +825. 


PENTOSE GLYCOSIDES 


(19) a-methyl d-xyloside= +ay.e+r’o9—-r’3+9r’4= + 25,240. 
(20) B-methyl d-xyloside= —ay.+r’g—r’3+1r’4= — 10,740. 
(21) a-methy] l-arabinoside= —ay.+r’e—r’3—1r’4= + 2,840. 
(22) 6-methyl l-arabonoside= +ay.+r’9—r’3—1r’s= + 40,260. 
(23) a-methyl d-lyxoside= +aye—r’2—r’3+1r's= + 9,740. 


The equations just given may be solved for the optical rotations 
of the different asymmetric carbon atoms by adding or subtracting 
the equations in such a manner as to eliminate all the variables except 
one. The computations are given below: 


2. CALCULATION OF OPTICAL ROTATIONS OF THE VARIOUS 
ASYMMETRIC CARBON ATOMS 


HEXOSE SERIES 


16, 540= 2aon 
16, 880= 2ac H 
37, 460=2ay, 
36, 930=2ay. 
36, 700= 2amu- 
14, 900==2R, 
15, 300==2R’, 
— 14, 800==2R; 
— 16, 780=2R’; 
— 16, 020=2R’; 
— 5, 600=2R, 
— 5, 920=2R, 


. a-d-galactose — 6-d-galactose 

. a-d-glucose — 6-d-glucose 

. a-methyl d-galactoside—8-methyl d-galactoside 

. a-methyl d-glucoside— 8-methyl d-glucoside 

. a-methyl d-guloside— 6-methy! d-guloside 

. a-d-glucose — a-d-mannose 

. a-methyl d-glucoside—a-methyl d-mannoside 

. a-d-gulose— a-d-galactose 

. a-methyl d-guloside—a-methyl d-galactoside 

. B-methyl d-guloside—6-methyl d-galactoside_-____-_-_- ae 
. a-d-glucose—a d-galactose__..........----- atts een 
. B-d-glucose—£ d-galactose 

. a-methyl d-glucoside—a-methyl] d-galactoside______-_-_- —6, 750=2R’, 
. B-methyl d-glucoside— 6-methyl] d-galactoside —6, 220=2R’, 
. a-d-gulose + a-d-mannose — 2a9q4 = %—200=2R, 
. B-methyl d-guloside+a-methyl d-mannoside = 


PENTOSE SERIES 


= -+}- 35, 980=2ay. 
= +t 37, 420 = 2a. 
= +12, 975=2r 
=+15, 500=2r’, 
®— 10, 370=2r; 
— 12, 580=2r’; 


iH] 


9. a-methyl d-xyloside— 6-methyl d-xyloside - _ __ 
. B-methyl l-arabinoside—a-methyl] l-arabinoside 
. a-d-xylose — a-d-lyxose 
. a-methyl d-xyloside—a-methyl d-lyxoside 
. —(8-l-arabinose-+ a-d-lyxose) + 2ao0y 
. —(a-methyl l-arabinoside + a-methyl d-lyxoside) 
. a-d-xylose — B-l-arabinose —12, 450=2r, 
. a-methyl d-xyloside— 6-methy] l-arabinoside________... = —15, 020=2r,’ 
. B-methyl d-xyloside—a-methy] l-arabinoside_-___..._... = —13, 580=2r4’ 


i) 


| Il 


\| 
| 





% The sum of a-d-gulose plus a-d-mannose=2R;+2a0”. The numerical value (16,710) of 2aon for the 
hexose sugars was determined by equations (24) and (25). The value of 2Rs is obtained by subtracting 
16,710 from the sum of the rotations of a-d-gulose and a-d-mannose. 

2® The sum of 8-b-arabinose and a-d-lyxose=—2r3+2a0”7=—27,075. The experimental data are not 
available for the determination of 2aoH in the pentose series by means of the original van’t Hoff method. 
Since Hudson has shown that the rotation of the first carbon atom aoxg for many sugars of different types 
isa nearly constant quantity, the numerical value for 2cow (16,710) whch was found for the hexose sugars 
is used in solving the equation for 2r3, 
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3. SUMMARY OF RESULTS 





Hexose series Pentose series 





Methyl] glyco- 


Sugars Methyl glycosides Sugars p te 





dou= +8, 350 aue= +18, 520 1don= (+8, 350) | ave=+18, 375 
R.= +7, 450 R’,= +7, 650 t= +6,490 | r’2= +7, 750 
R3= —7, 400 R’3;= —8, 200 r3> —5, 185 fi} 3> — 6, 290 
R,= — 2, 875 R= —3, 240 Le So — 6, 225 r4 —7, 150 
Rs= —100 R'5= — 400 


/ 
/ 
/ 




















1 See footnote 29, p. 1048.. 


III. DISCUSSION OF RESULTS 


A comparison of the rotations of the various asymmetric 
carbon atoms of the sugars with the corresponding rotations from 
the glycosides shows that in all cases the signs of the rotations agree, 
and that the numerical values are of the same order. This shows 
that the assumption that the sugars and methyl glycosides have 
similar structures was justified. 

The rotations of the first three carbon atoms in the pentose 
series are of the same order as the rotations of the corresponding 
atoms in the hexose series, but the rotation of the fourth carbon 
atom in the pentose series differs widely from the rotation of the 
fourth carbon atom in the hexose series. The difference in rota- 
tion of the fourth carbon atom in the hexose and pentose series 
was previously made the basis for the allocation of a 1, 4-ring structure 
to glucose by Hudson. Drew and Haworth * took exception to 
that allocation on the grounds that the rotations for the pentoside 
and hexoside structures might be different because in the former 
case the fourth carbon atom is joined to one symmetrical and one 
asymmetric carbon atom, while in the latter it is joined to two 
asymmetric carbon atoms. The further conception which was 
advanced by Drew and Haworth that the carbon atoms dominating 
the rotatory power of a sugar are those on either side of the ring 
oxygen atom is not substantiated since the rotations of the interme- 
diate carbon atoms 2, 3, and 4 are greater than the adjacent carbon 
atom 5. The value for the rotatory power of the fifth carbon atom 
is very small. It can not be explained at the present time. 


1. COMPARISON OF THE ROTATIONS OF THE METHYL GLYCO- 
SIDES WITH THE ROTATIONS OF THE SUGARS 


A comparison may now be made between the optical rotations of 
the various asymmetric carbon atoms in the sugars and the corre- 
sponding rotations in the methyl glycosides. The first point is that 
the rotatory power of the individual asymmetric carbon atoms in the 
methyl glocosides is greater than the rotatory power of the corre- 


sponding atoms in the sugars. This indicates that the substitution of a 





31 Drew and Haworth, J, Chem. Soc., p. 2303; 1926. 
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hydroxyl by a methyl group affects the rotations of all the asymmetric 
carbon atoms in the sugar. This concept is not in agreement with 
the rigid application of Hudson’s second rule of isorotation. Accord- 
ing to that rule the rotation of an a- -methy! glycoside of a d-sugar is 
written b+ay,. and that of the alpha form of the parent sugar 
b+don. The difference is @y.—doyz. This difference was found to 
have a fairly constant value, but there are several marked exceptions 
which were noted by Hudson. An explanation of these deviations 
can be derived from the values for the optical rotatory power of the 
various asymmetric carbon atoms in the sugars and glycosides. 

According to the theory of optical superposition the difference in 
molecular rotations between the methyl glycosides and the corre- 
sponding sugars is given by the following equation: 


(49). [M’]o—[M] p= (Que + R’2 + R’3 + R’,+ R’s) 
FI (dow + R, 4 R;+R,+R;). 


Since the values of R’ are larger than the values of R the value of 
[M’|p>—[M]p will vary slightly with the structure of the sugar. 
In the case of arabinose, the sugar which differed most, the eq uation % 
results in all the values of r’ being of like sign and the values of r 
being different, this gives the maximum deviation from the true value 
Of dize— Gon. 

In Table 2 the values for the difference in molecular rotation of the 
glycosides and sugars (Hudson’s ay,—doy) are compared with the 
values of dy.—doq as obtained from the van’t Hoff equation (49). 
The value of @y,¢—doqg as obtained from 1/2 (2ay,—2doq) = approxi- 
mately 10,000. 


TABLE 2 








QmMe—QoH 
Hudson’s calcula- 
Qme—(on tions 
M\p— from the 
[M]p! van’t Hoff 
theory 





EEE ES AE DERI. LIE OT ~ +30, 630 } 7 
a-d-glucose...........- ot Mie SPS a& : om +20, 340 +10, 290 + 9, 955 
-methyl d-glucoside idea wee po. —6, 300 - p 

beacon. “ ie pata Et, 43; 420 +9, 720 +10, 055 


: : -+37, 380 2 non 
pes Salateon cuttancdcocady Seaareee +11, 460 +10, 395 
8-methy] d-galactoside : —80 }|\ 0 505 
PME ec ciccatsscneccdccasucoyecte | +9, 360 +9, 440 +10, 505 


a-methyl d-mannoside..-.....-.---- ALAR SRRE SES Se ee : +15, 330 

a-d-mMannose. -_--. Mrs eae ets & 4 i +5, 400 +9, 930 +9, 995 
a-methy]l d- guloside.. = +20, 600 - ie 
a-d-gulose : +11, 100 +9, 500 +10, 035 


Fe a See eee eer ’ +25, 240 

lt TTS Oe sae Ae eee +13, 800 +11, 440 -+-10, 000 
8-methy] /-arabinoside +40, 260 |) a 
B-l-arabinose +26, 250 +14, 010 +10, 720 














1 For the beta d-sugars the value given is ~( M’ "p-I M)p), but for the#-l-arabinose the expression is posi- 
tive, which arises from the nomenclature of the a and 8 forms of the d- and /- sugars. 


32 Hudson, J. Am. Chem. Soc., 47 p. 271; 1925. _ . . 
% The small letter r is used to designate the rotations in the pentose series. 



















co 


Isbell) Optical Rotation and Ring Structure in Sugar Group 1051 





































It is evident that the values calculated by the van’t Hoff theory 
agree more closely with the value (as¢— doz = 10,000) than the vy ralues 
calculated by Hudson. It should be emphasized that the rotations 
of the sugars and their corresponding methyl glycosides are given 
only approximately by Hudson’s equations 6+ doy andb+ay,. The 
value of b from the sugars may or may not equal the value of 6 
from the methyl glycosides, depending upon the extent to which the 
differences in the optical rotations of the corresponding asymmetric 
carbon atoms in the sugars and methyl glycosides counteract each 
other. The optical rotations of substances of different structure, such 
as the sugars and glycosides, may be obtained approximately by 
Hudson’s rules of isorotation, but it is apparent that more accurate 
data are obtained by comparing substances of like structure. 


www "Ss @ 


ce Ue 


2. THE PREDICTION OF VALUES FOR THE ROTATION OF UNKNOWN 
SUGARS AND GLYCOSIDES 


The values for the optical rotations of unknown aldohexose sugars 
may be obtained from the algebraic sum of the optical rotations of 
the different asymmetric carbon atoms in the sugars; while the optical 
Q rotations of the methyl! glycosides may be obtained from the algebraic 

' sum of the optical rotations of the different asymmetric carbon atoms 
‘ in the methyl glycosides. The structures of the at present unknown 
Q hexose sugars are given by formulas VIII, IX, X, and XI. 


4 fe 2. we R H H OH OH OH H 
CHO: 2) iw Oa Ci 2 Grau 7S Omen. Ce CO. ea os 1-6 
\ oh 
OH OH OH OH tie ie Ae oa: 
o—— o————- 
a-d-Allose (VIII) a-d-Talose (IX) 
H OH H OH A H H H OH 8H 
4 7 
wee. 6. 6.0 .e¢.<¢ OMOM .C.c.0.0.6 
. H OH H | ‘oH | OH OH H_ | ‘OH 


eres ———— 


a-d-Idose (IX) a-d-Altrose (X) 


The rotations of these unknown hexose sugars and glycosides are 
5 predicted from the following equations: 





Predicted rotation 





Alpha form Beta form 








| 
Substance | | 


[IM] | [al 


Im, | lal? . [is 





EE Te ee =-+-¢on+Rst+-Rst+Rit+Re=...-.--.------ +5, 425 +30 | —11, 275 | 
ee _..| =+doxw—R2—R3— Ri + Rs=_____-- _.| +11, 075 +60 | “ah 425 | —30 
| 





d-idose_.....-.-.....-..-]| =+@on—Ri+Ri—Rit+Rs=. —3, 725 —20 | —20, 425 
a | =+doq—R2+R3+Rit+ Bs =- —9, 475 —55 | —26, 175 
| } 
Methyl d-alloside_____.- | =tamet+R2t+R'st+Rit+R's= .| +14, 330 +75 —22,710 
Methyl d-taloside__.___-. | =+ay.—R2—R3—R + R's= _| +21, 910 +110 | —15, 130 
Methyl d-idoside.___.-.| =+@me—R2+R's— R44+- R's= .| +65, 510 +30 | —31, 530 | 
Methyl d-altroside.....-| =2+am4.—R2+R34+R4+R's= .| —970 —5 | —38,010 | 


= 








77886°—29——15 
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IV. SUMMARY 


1. The optical rotatory powers of all the asymmetric carbon 
atoms in the methyl! glycosides and sugars from both the hexose and 
pentose series have been calculated from two entirely distinct sets of 
data. The rotations derived from the glycosides check approximately 
the rotations derived from the sugars, which indicates that the nor- 
mal forms of @ and 8 glucose, a and B-d-galactose, a-d-mannose, and 
a-d-gulose, a-d-xylose, a-d-lyxose, and -l-arabinose have the same 
ring structures (1, 5) as the corr esponding methyl! glycosides. 

The values for the optical rotatory power of the various asym- 
ia carbon atoms from the glycosides are slightly larger than the 
corresponding values from the sugars, which indicates that the 
replacement of the glycosidic hydroxyl in a sugar by a methoxy 
group affects the optical rotation of all the asymmetric carbon atoms. 

3. The values for the optical rotatory powers of the different 
asymmetric carbon atoms should find wide application in the study 
of the sugars and glycosides. As examples of their utilization certain 
deviations in the values of ay.—4doq as obtained by the application of 
Hudson’s rules of isorotation were explained; also values for the 
specific rotations of the at present unknown forms of d-allose, d-altrose, 
d-idose, and d-talose are predicted. 
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